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In order to set a basis for understanding the complex various neurological, psychological features 
of learning and memory, and before exploring the cellular and molecular aspects of learning and 
memory in animal models, I will first give some general definition and describe some aspects of 




Memory is a remarkable property of the brain. It allows us to fulfill numerous tasks in our every 
day lives: remember personal experiences, learning facts and gaining knowledge, recognizing 
objects, places and people, and acquiring skills and habits. Memory has a large variety of 
definitions. A global theory defines memory as the process of information acquisition, storage 
and retrieval. A more precise one -which is the most accepted in neuroscience- separates learning 
from memory so that learning is the process of acquiring experiences about the world and 
memory is defined as the retention or storage of that experiences, it is the retention of 
experience-dependent internal representations over time. A given memory is a highly specific set 
of associations, which resides in a network of neural connections with self-sustained feedback 
loops. Moreover, memory reflects many processes including acquisition, consolidation, 
retention, retrieval and performance. At least two components of memory can be discerned: 
short-term memory, which lasts for a few hours and does not require protein synthesis; and long-
term memory, which persists for several days and often much longer and that is associated with 
gene expression, de novo protein synthesis and formation of new synaptic connections. 
 
 
Location of Memory and Memory Systems 
 
Memory systems are currently defined as psychological and biological entities, both at the same 
time. On the psychological level, memory systems are defined as specialized modules (Johnson, 
1983) that process specific kinds of information (facts and events)(Tulving, 1972), perform 
specific operations (working and reference)(Olton, 1979) or store information over a given time 
period (short-term or long-term)(Atkinson, 1968).  
 
On the biological level, memory systems are considered as a neural structure (or network of 
structures) (Buchel and Friston, 2000, McIntosh, 2000, Sporns et al., 2000) and their 
interconnections are participating in the acquisition, storage and retrieval of a particular kind of 
information, within the structure itself or elsewhere. The concept of the existence of multiple 
memory systems aroused from studies with the amnesic patient H.M. In order to cure epilepsy, 
H.M. had sustained a bilateral resection of the medial structures of the temporal lobe including 
the amygdala and the anterior part of the hippocampus. The consequence of this surgery was a 
severe anterograde amnesia and mild retrograde amnesia. H.M. was still able to register new 
perceptual information, but this information was no more available to him after 30 to 40 seconds. 
However, H.M. was able to learn a mirror-drawing task with stable retention despite he could not 
remember that he had ever done this task. In other words he could acquire new sensorimotor and 
visual motor skills but not remember learning them. Thus, studies on patient H.M. together with 
studies on other amnesiac patients with bilateral medial-temporal lobe lesions, established the 
biological reality of multiple memory systems (Milner, 1965, Milner et al., 1998, Scoville and 
Milner, 2000).  
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However, the idea that different memory systems are interacting is generally accepted 
(Thompson and Kim, 1996), which reinforces the idea that memories are not strictly located in 
single areas. For example, the amygdala, a structure implicated in emotion-related memory 
(LeDoux, 2000) seems to be able to modulate other memory systems (McGaugh et al., 1996) like 
the enhancement of declarative conscious memory (Adolphs et al., 1997).  
 
Although numerous brain areas of the brain play a part in consolidation of several forms of 
learning and memory (Table 1), the hippocampus has been recognized as playing a key role in 
formation of different types of memories. The anatomically defined medial-temporal lobe 
memory system consisting in the hippocampal formation and related cortical areas is believed to 


















Main types of memories 
 
In mammalians, there are two main types of memory that have emerged: Declarative memory 



















Figure 1. Declarative and non-declarative forms of memory, with suggestions of the brain structures mediating 
each kind of memory (From Milner et al., 1998). 
Table 1. Brain areas playing a role in learning and memory
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The main difference between these two forms of memory is that declarative memory is 
conscious and non-declarative memory is unconscious (Squire, 1994, Milner et al., 1998). Each 
form of memory is associated with specific brain structures (Squire, 1987) (Fig.1).  
 
Non-declarative memory 
Non-declarative memory is the memory of "how" and is neither true nor false. It underlies 
gradual changes in skilled behavior and the ability to unconsciously respond correctly to stimuli 
through practice, as a consequence of conditioning or habit learning (how to turn a key in a lock, 
how to use a phone, how to ride a bicycle). It also involves changes in the ability to identify or 
detect a stimulus as a result of previous exposure, a phenomenon called priming (recognition of a 
face encountered once before). In the non-declarative memory, performance changes as the 
consequence of experience without allowing access to previous episode (Squire et al., 1993, 
Schacter, 1994) (I do not remember how it felt the first time I walked).  
 
In the non-associative forms of learning, behavioral response is modified in answer to a single 
stimulus (or two stimulus that are not temporally related). There are three common forms of non-
associative learning (Carew and Sahley, 1986): 
 
Habituation, which is defined as a reduction in responding to a repeated presentations of a single 
stimulus. 
Sensitization corresponds to an increase in responding to one stimulus due to one or more 
presentation of another intense or noxious stimulus.  
Dishabituation, sometimes this third form of non-associative learning is described. However it 
appears to be an instance of sensitization and refers to the restoration of a habituated response 
due to the presentation of another, typically strong stimulus (Groves and Thompson, 1970). 
 
Associative learning implies the learning of a relationship between two or more events in the 
environment, and there are two main types (Carew and Sahley, 1986): 
 
Classical conditioning (Pavlovian conditioning) is the procedure in which a neutral stimulus or 
conditioned stimulus (CS) is paired with a stimulus that elicits a behavioral response or 
unconditioned stimulus (US). This is best illustrated by Pavlov's experiment on dog (Pavlov, 
1927) (Fig. 2.). More complex types of conditioning exist such as higher order classical 
conditioning (Carew and Sahley, 1986). 
 
 
Figure 2. Classical conditioning. The salivation 
is monitored continuously. (A): Before 
conditioning, presentation of the bell sound (CS) 
to the dog does not lead to salivation (whereas 
presentation of food does). (B) During 
conditioning, with repeated pairing of the bell 
and the food, the dog learns that the bell predicts 
food and salivates in response (R) to the bell 






Instrumental conditioning (or operant conditioning) describes a situation in which the subject 
must perform some response in order to obtain the positive reinforcement or to avoid 











controling the occurrence of the unconditioned stimulus (Domjan, 1982). The first example was 
Thorndike's report about cats learning to escape from a puzzle box (Thorndike, 1898). Cats had 
great difficulty to escape from this box, but after several trials, they learned which specific 
response allowed them to escape. 
 
Declarative memory 
Declarative memory is the specific, individual conscious recollection for a fact or an event; it is 
what is ordinarily meant by the term memory. These memories require conscious recall and are 
concerned with memory for people, place, objects and events. It relies on the integrity of the 
medial-temporal lobe and a structure deep to it, the hippocampus (Schacter, 1994).  
 
This type of memory refers to the remembering of a specific item or information (where did I left 
my keys, what is my laboratory phone number, when did I ride a bike for the first time alone). It 
is implicated in the modeling of the world and storing of representation about facts and episodes. 
Declarative memory is propositional, it can be either true or false (Milner et al., 1998).  
 
The studies on patient H.M. and other amnesic patients provided strong evidence that declarative 
memory is dependent upon the medial temporal lobe region. The regions involved in that type of 
memory were identified using monkeys as animal models for human amnesia. Monkeys with 
bilateral medial-temporal lobe resection were impaired in a one-trial task of object recognition 
memory (delayed nonmatching to sample) (Squire and Zola-Morgan, 1991). The structures 
involved in the medial-temporal lobe system of declarative memory are the hippocampus, the 
dentate gyrus, the subicular complex, and enthorhinal cortex -together resulting in the 
hippocampal formation- and the perirhinal and parahippocampal cortices (Fig. 3.). However, the 
role of the medial-temporal lobe system is only temporary: as time passes after learning, memory 
stored in neocortex gradually becomes independent of medial-temporal lobe structures (Squire 


















Figure 3. Schematic view of the medial-temporal lobe memory system. The entorhinal cortex is a major source 
of projections to the hippocampal region, which includes the dentate gyrus (DG), the cornus ammonis fields (CA3-
CA1) and the subicular complex (S). The majority of the inputs to the entorhinal cortex originate from adjacent 
perirhinal and parahippocampal cortices that receive other inputs from the frontal, parietal and temporal lobes. The 
entorhinal cortex also receives projections from other cortical areas like orbital frontal and insular cortices and 
superior temporal gyrus. Arrows indicate the direction of the projection, double arrows means that the projections 
are reciprocal (From (Squire and Zola-Morgan, 1991, Milner et al., 1998)) The amgydala was shown to be a 
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Paradigms used to study declarative learning and memory 
 
On a historical point of view, the study of learning and memory started first with psychology, 
neuropsychology and psychiatry. Various human patient presenting memory perturbation 
symptoms were osculated to define and explore memory processes in the brain. In parallel, many 
vertebrates ranging from fish to birds, dogs to cats, and rodents to non-human primates are being 
used for the study of learning and memory. Anatomical and behavioral studies suggested that, 
despite detail differences, the anatomical and functional organization of the medial-temporal 
lobe system is very comparable between humans, monkeys and rodents (Squire, 1992). 
Importantly, even mice require this memory system for spatial memory and this type of memory 
has many of the characteristics of human declarative memory like for instance the flexible use of 
relational information about multiple distal cues. 
 
Nowadays, mice are probably the most studied vertebrate for several reasons including, 
financial, ethical, but principally biological ones: beside electrophysiological and behavioral 
studies, genetic studies such as gene disruption or transgenesis are possible since the 199ies. 
Mice are very closely related to humans from an anatomical and physiological perspective. The 
phenotypes of a mutant mouse can be studied at many levels from biochemistry to cell biology to 
systems physiology to behavior. Human diseases like Alzheimer's disease, schizophrenia can be 
modeled in mice providing a powerfull tool to study memory mechanisms and pathology of 
these diseases (Picciotto and Wickman, 1998). Several paradigms have been developped for the 
study of cognitive function like learning and memory. 
 
Spatial memory 
The Morris water maze task is presently the most frequently used paradigm to evaluate learning 
and memory abilities in rats and mice. It is a spatial navigation task in which animals swim in a 
pool containing opaque water to find a platform that is hidden just below the water surface using 
external visual cues to locate the platform. The task is based on the principle that rodents are 
highly motivated to escape from a water environment by the quickest and most direct route. 
Escape from the water is the positive enforcement. It was first designed by Richard G. M. Morris 
(Morris, 1984) to investigate anatomical brain structures required for spatial learning in rats. One 
of the most consistent findings is that hippocampal lesions impair acquisition of the Morris water 
maze task in rats (Eichenbaum et al., 1990) as well as in mice (Logue et al., 1997)(Fig. 4.). 
Performance in the Morris water maze task is however highly influenced by genetic background. 
Indeed, the 129 inbred strains present some substrains that perform well like for example the 
129/Sv and some that perform poorly like the 129/J (Montkowski et al., 1997). C57Bl/6J or 
BALBc or chimeric mice show good performance in the Morris water maze task. There are 
many different protocols for using the Morris water maze task. A commonly used protocol starts 
with visible platform trails in which the mouse is tested for its ability to conduct the task. 
Training trials for acquisition of the hidden platform task is composed of several training 
sessions. Each mouse is allowed to swim during 1 or 2 minutes for several trials per day 
separated in trial blocks. The training session is repeated over 3 to 10 days. After the training, 
normal mice will swim to the hidden platform with an increasingly direct swim path and 
diminishing latency to reach the platform indicating correct acquisition of the spatial task. At the 
end of the series of training days each mouse is tested on a probe trial, which assesses the ability 
of the animal to identify the spatial location that previously contained the platform. The platform 
is removed from the pool. If the mouse has acquired the task, it will swim straight to the 
quadrant that contained the platform and spend the major trial-time swimming close to the 
platform location. True criteria for the correct acquisition of the Morris water maze task are 
performance on the probe trial. Number of platform crossings and time spend in the platform 
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area must be significantly greater when compared to naïve (untrained) mice performance (Fig. 
4.). Normal performance in the visible platform task but bad performance in the hidden platform 
task indicate a learning and memory impairment (Crawley, 1997, Crawley, 2000).  
 
Interestingly, a comparable place-learning task was recently also used to investigate learning and 
memory in human: patients with hippocampal resection displayed learning impairement in a 




















Figure 4. (A) Scheme of the Morris water maze pool with the hidden platform. Naïve animals spend more time 
and on a longer distance to escape on the platform (learning phase) than animals that have acquired the task 
(memory phase). (B) Typical swim path recordings using videotracking software that divides the pool in four 
imaginary quadrants. Diminution of the path length indicates correct acquisition. (C) Probe trial (removed platform) 
showing that the naïve animal (left) spends equivalent time in all four quadrant whereas the trained animal spends 
most of its time swimming around the former location of the platform suggesting that the task is memorised 




To further explore learning and memory in rodents and mice in particular, several other 
paradigms are employed. The active avoidance procedure is a model in which mice are trained to 
avoid an aversive stimulus associated with the presentation of a conditioned stimulus. The mouse 
has the choice of exploring two communicating chambers -a lighted and a dark chamber- and 
learns to associate a mild electrical foot-shock with its presence in the dark chamber. Upon 
several training session, latency to exit from the dark chamber into the light chamber is the 
measure of the task (Crawley, 2000).  
 
Similarly, cued and contextual conditioning is a fear-conditioning task that measures the ability 
of the animal to learn and remember an association between an aversive experience (mild 
electrical footshock) and spatial/environmental cues (place, sounds, lights) (Fanselow, 1980, 
Fanselow and Tighe, 1988, LeDoux, 1995). Similar brain areas involved in the Morris water 
maze task seem also implicated in the fear conditioning experiments, indeed, the hippocampus, 
subiculum, perirhinal cortex and the medial temporal lobe appear to mediate components of 
contextual fear conditioning in rodents (Eichenbaum et al., 1996, Squire and Zola, 1996, Logue 
et al., 1997) which are however modulated by the emotional pathways such as the amygdala 















Synaptic plasticity: a cellular model for learning and memory 
 
The hypothesis that information about the world, is stored in the brain as synaptic efficiency 
changes emerged with the demonstration by Ramon y Cajal that networks of neurons are not in 
cytoplasmic continuity but communicate with each other through specialized connexions that 
were called synapse. Events in the surrounding environment are represented as spatio-temporal 
patterns of neuronal activity and it is this pattern of activity that is thought to be the cause of 
synaptic changes. The engram, which is the location of learning and memory, should thus reside 
among the synapses themselves that show activity-dependent changes in synaptic activity. Long-
lasting changes of the efficacy of synaptic transmission or the strength of synapses between 
neurons is commonly accepted to be a mechanism by which memory traces are encoded and 
stored in the central nervous system; this phenomenon is defined as synaptic plasticity (Hebb, 
1949, Bliss and Collingridge, 1993, Martin et al., 2000, Kandel, 2001).  
 
Neurons communicate with each other mainly through fast chemical synapses where an action 
potential (AP) generated near the cell body propagates down the axon resulting in the opening of 
voltage-gated Ca2+ channels (VGCC). Ca2+ ions entering the nerve terminal trigger the rapid 
fusion of neurotransmitter vesicles with the presynaptic plasma membrane. Released 
neurotransmitters are then detected by receptors on the postsynaptic cell. Dynamic fluctuation of 
this synaptic transmission have been observed in virtually all types of synapses and are regulated 
by a variety of short-termed or long-termed processes, some of which result in a decrease of 
synaptic strength, and other that lead to an increased synaptic efficacy. Short-termed processes 
occur in the tens of milliseconds to several minutes time-scale and are believed to be protein 
synthesis-independent. Long-termed processes can occur in the time-scale ranging from tens of 
minutes to hours, weeks, month or perhaps even lifetime and to require de novo protein synthesis 
(Kandel, 2001, Zucker and Regehr, 2002). 
 
 
Short-term synaptic plasticity 
 
Forms of short-term synaptic plasticity 
Facilitation, post-tetanic potentiation (PTP), synaptic depression and desensitization are the main 
components of short-term synaptic plasticity (Fisher et al., 1997, Zucker and Regehr, 2002, Xu-
Friedman and Regehr, 2004). A synaptic efficacy enhancement that is prominent in the hundreds 
of millisecond time-scale is called facilitation. It can be observed when synapses are stimulated 
twice in quick succession, the second post-synaptic potential (PSP) can be up to several times the 
size of the first PSP (Fig. 5). Thus, during brief trains of AP, successive PSP grow in size to 
reach several times the original PSP amplitude. This facilitation of synaptic transmission builds 
up and persists several hundreds of msec following presynaptic activity.  
 
Figure 5. Simulated experiment showing 
paired-pulse facilitation (PPF) of the sort that 
occurs at many synapses. In the insets, activation 
of stimuli separated by time (∆t) evokes synaptic 
currents with a second response (B) larger than 
the first PSP (A). The plot shows that the ratio of 
facilitation (B/A) versus ∆t, the magnitude of 
facilitation decreases with the increase of 
interpulse intervals (From Zucker and Regehr, 





With prolonged tetanic stimulation, some synapses display another phase of growth of PSP 
amplitude that is called potentiation. Sometimes processes such as augmentation, that grows and 
decays within ~5-10 sec, can be distinguished form potentiation which lasts for 30 sec to several 
min. Conversely, other synapses are depressed by elevated presynaptic activity (Fisher et al., 
1997, Zucker and Regehr, 2002, Xu-Friedman and Regehr, 2004). This synaptic depression leads 
to a decrease in transmission during repetitive stimulation that often tends to overlap with 
augmentation and potentiation, such as potentiation typically requires tens or hundreds of 
conditioning stimuli and will be visible only long after a tetanus (Zucker, 1989) and is thus rather 
called post-tetanic potentiation (PTP).  
 
Mechanisms of short-term synaptic plasticity 
Exocytosis of neurosecretory vesicles has been dissected into distinct steps, which include 
mobilization from a reserve to readily releasable pool close to the plasma membrane, vesicle 
docking, and ATP-dependent priming followed by Ca2+-dependent fusion (Cremona and De 
Camilli, 1997, Bajjalieh, 1999, Brunger, 2000). For many synapses, short-termed synaptic 
plasticity is thought to be presynaptic in origin, reflecting a modulation in the probability of 
release of available quanta (which is a quantity of neurotransmitter released during basal 
spontaneous synaptic activity) with maybe also a modulation in the number of release sites able 
to release a quantum. These statistical changes could be either explained by (a) a change in the 
probability of activating exocytosis of a docked vesicle, or (b) a change in the probability that a 
release site is occupied by docked vesicle ready for release, or (c) both (a and b). Indeed, an 
increase in quantal content (the number of quantal packets released per spike) or in frequency of 
spontaneous miniature postsynaptic potentials during short-term facilitation has been observed, 
while a change in quantal amplitude -the postsynaptic response to a single quantal packet- has 
not been observed (Zucker and Regehr, 2002).  
 
A technique to indirectly measure the changes in transmitter release probability is to monitor the 
responses to paired-pulse stimuli before and after a manipulation susceptible to change the 
strength of a synapse. A change in the ratio of the responses to the two pulses implies that part of 
the effect of the manipulation is mediated presynaptically (Zucker, 1999). Another method to 
indirectly measure the release probability at glutamatergic synapses, uses the properties of the N-
methyl-D-aspartate (NMDA) subtype of glutamate receptor (NMDAR) antagonist MK801. 
Application of MK801 irreversibly blocks NMDAR when it is open. The NMDAR-mediated 
PSP decreases proportionally with repeated presynaptic stimulation, so that the decay rate of PSP 
reflects the probability that postsynaptic receptors are activate by released glutamate giving an 
indirect measure of the probability of neurotransmitter release (Zucker, 1999). Therefore, short-
termed enhancement of synaptic efficacy implies an increase of neurotransmitter release (Fisher 
et al., 1997, Zucker and Regehr, 2002, Xu-Friedman and Regehr, 2004). 
 
Ca2+ plays a central role in the triggering of neurotransmitter release. Indeed, single AP generate 
Ca2+ influx through VGCC (Zucker, 1996) clustered near docked neurotransmitter vesicles 
resulting within ~200 µsec in a locally very high increase of intracellular Ca2+ concentrations 
([Ca2+]i) (>100 µM) called Ca2+-microdomains. The Ca2+-targets involved in the trigger of 
synaptic vesicle secretion are localized in the neighborhood (within tens of nm) of these Ca2+-
microdomains and exhibit fast, cooperative and relatively low affinity Ca2+-binding (Bennett, 
1997). In synaptic vesicle exocytosis, Synaptotagmin I represents the best-characterized 
candidate for the Ca2+-sensor that translate the Ca2+-signal into membrane fusion and subsequent 
neurotransmitter release (Koh and Bellen, 2003).  
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Almost all of the short-term plasticity components are related to [Ca2+]i. Three different models 
have been proposed to explain the relationship between Ca2+ concentration in the terminal and 
facilitation. First, short-term synaptic efficacy enhancement such as facilitation and PTP is 
believed to be due to a prolonged increase in [Ca2+]i remaining at microdomains near the 
transmitter release sites called residual Ca2+. Thus, some amounts of Ca2+, which enters the nerve 
terminal during a first stimulation persists until the second stimulation, thereby increasing [Ca2+]i 
during the second stimuli and facilitating synaptic transmission (Katz and Miledi, 1968, Fisher et 
al., 1997). In another model it has been suggested that facilitation involves an additional high-
affinity Ca2+ binding site with slow unbinding kinetics, which operates cooperatively with the 
"main release sensor" (Atluri and Regehr, 1996). The third hypothesis proposes that facilitation 
can occur as a result of progressive and local saturation of fast endogenous Ca2+ buffers in the 
terminal during a train of APs, thus resulting in a gradual increase of the Ca2+ concentration at 
the release site (Rozov et al., 2001). 
 
At many synapses however, transmitter release can decline during repeated stimulation and 
recovers slowly afterwards. This synaptic depression is often attributed to depletion of the 
readily releasable vesicle pool, but short-termed depression is also explained by other 
mechanisms such as an inhibitory action of released transmitter on presynaptic receptors, 




Long-term synaptic plasticity 
 
Donald Hebb proposed a coincidence-detection rule in which the synapses linking two neurons is 
strengthened if the cells are active at the same time, and this increase in synaptic strength occurs 
upon activity-dependent metabolic changes or some growth processes (Hebb, 1949). The leading 
experimental model for these synaptic changes is a long-term potentiation of synaptic 
transmission (LTP) first described by Lømo in 1966 and then repeated by Bliss and Lømo in 
1973 using anesthetized or conscious rabbits (Bliss and Lomo, 1973). They reported that a brief, 
high frequency stimulation of the perforant pathway input into the dentate gyrus produced a 
long-lasting enhancement of the extracellularly recorded field potential. As a result of the high 
frequency stimulation, the amplitude of the evoked population excitatory postsynaptique 
potential (EPSP) is elevated 300% (Fig. 6.A). Thus excitatory synapses could be modified upon 
a repetitive, tetanic activation, so that a following stimulation resulted in stronger, potentiated 
postsynaptic responses that could last for several days in vivo.  
 
LTP has been observed in several brain areas including several parts of the limbic system: 
amygdala, enthorinal cortex, dentate gyrus, subiculum, septum, and hippocampus CA1 and CA3 
fields as well as in the neocortex. In the hippocampus, there are three main pathways that give 
rise to LTP (Fig. 6.B and C) (Martin et al., 2000, Kandel, 2001). 
 
Since LTP is found in all excitatory pathways of the hippocampus, it was tempting to relate LTP 
to the capacity of the hippocampus to process memory formation. Even though the mechanisms 
of LTP expression are not well understood, the properties of LTP make it a good candidate for 
























Figure 6.  (A) An example of LTP measured in the perforant pathway recorded in vivo. Above the graph: EPSP 
traces recorded before (left) and after (right) the tetanic stimulation (middle). Plotted are the rising phase slopes of 
the evoked response (population EPSP) recorded from the cell body region in response to constant test stimuli for 1 
h before and 3 h after the tetanus (250 Hz, 200 ms) delivered at the time indicated by the arrow (From (Bliss and 
Collingridge, 1993)). (B) Scheme of a mouse brain showing the location of the hippocampal formation in flesh 
color. (C) In the hippocampus, LTP can be induced and recorded in following three pathways (red): 1) at synapses 
between axons projecting through the perforant pathway, originating from the subiculum in the entorhinal cortex 
and dendrites of the granule cells of the dentate gyrus (DG); 2) at synapses between the commissural axons of CA3 
region and the apical dendrites CA1 pyramidal cells through the Schaffer collateral; and 3) synapses between axons 
projecting from the granule cells of DG to dendrites of the dendrites of CA3 pyramidal cells through the Mossy fiber 
pathway. An example of LTP measurement setup is shown by the stimulating and recording electrodes. 
 
 
First, LTP can persist over time. This is an intrinsic property of LTP since the enhancement of 
synaptic strength lasts for hours, weeks or even month. Second, in CA1 region of the 
hippocampus, LTP is input-specific, that is, the enhancement of synaptic efficacy does not occur 
on other synapses of the same neuron. LTP is restricted to the synapses that received the 
inducing stimulation. Thus the storage possibilities of a single cell are increased. The third 
property, cooperativity, refers to the fact that the probability of inducing LTP or the magnitude 
of the resulting change, increases with the number of stimulated afferents, thus involving an 
intensity threshold for induction. Weak stimulations that activate few afferents do not trigger 
LTP (Bliss and Collingridge, 1993). Fourth, LTP is associative, which means that the on-setting 
of LTP at a given synapse can facilitate LTP induction at an independent adjacent synapse on the 
same neuron if both are activated in a determined time window (Bliss and Collingridge, 1993, 
Malenka and Nicoll, 1999). Associativity provides therefore a cellular model of classical 
conditioning.  
 
LTP is an artificially induced enhancement of synaptic strength. There are numerous protocols of 
LTP-induction that have been empirically established for the production of stable LTP. 
However, physiologically significant protocols are also used. Indeed, synchronized firing 
patterns occur in the hippocampus during learning and can be mimicked experimentally. A 
particular type of stimulation is the theta-burst type of stimulation (5 bursts at 100 Hz at intervals 
of 200 ms). Theta rhythm is a slow wave oscillation that is observed in electroencephalographic 
measurements on animals exploring an environment or in animals that are sensory stimulated 

















Mechanisms involved in the induction of LTP  
The key event for the induction of LTP is a large increase of the level of [Ca2+]i in the 
postsynaptic cell (Bliss and Collingridge, 1993). Indeed, injection of Ca2+-chelators into CA1 
pyramidal cells blocks the on-set of LTP (Lynch et al., 1983), whereas light-induced release of 
Ca2+ after injection into CA1 neurons of a photo labile Ca2+-chelator induces LTP (Malenka et 
al., 1988). The current view attributes three main routes implicated in the modulation of [Ca2+]i : 
Ca2+ influx through ionotropic glutamate receptors, through VGCC and Ca2+ release from 
intracellular stores. In most excitatory synapses, glutamate is the main neurotransmitter. During 
high-frequency stimulation, the neurotransmitter glutamate, released from presynaptic boutons, 
binds to two types of glutamate receptors (GluR) that are colocalized on individual dendritic 
spines: the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) which is 
responsible for the majority of inward currents for the generation of postsynaptic response. The 
second is the NMDAR, which is permeable to Ca2+ ions (as well as Na+ and K+) in a voltage-
dependent manner. Because of this voltage-dependence, NMDAR contribute little to the basal 
postsynaptic response during low frequency stimulation. However, when the postsynaptic cell is 
sufficiently depolarized upon a high frequency stimulation resulting in LTP, the extracellular 
Mg2+ ion that blocks the NMDAR channel is removed, allowing Ca2+ to enter the dendritic spine. 
The result is a strong increase in [Ca2+]i which is the critical trigger of LTP induction.  
 
This model of postsynaptically induced LTP is currently one of the most accepted one. However, 
in many synapses LTP is not dependent on NMDAR-mediated [Ca2+]i increase. For example, in 
the hippocampus, LTP induction in the mossy fiber pathway is NMDAR-independent and 
thought to be presynaptic in origin (Johnston et al., 1992, Nicoll and Malenka, 1995, Weisskopf 
and Nicoll, 1995). Furthermore, although short-term plasticity is normal in mice lacking the 
synaptic vesicle protein Rab3A, LTP at mossy fiber synapses is impaired (Castillo et al., 1997) 
indicating a direct presynaptic origin in this form of LTP. However, a postsynaptic increase in 
[Ca2+]i  is still required and it has been suggested that NMDAR-independent LTP uses VGCC-
mediated [Ca2+]i increase as trigger (Grover and Teyler, 1995). Therefore, changes in the 
presynaptic terminus are also involved in some forms of LTP. 
 
Whereas LTP is proposed to be a cellular model for memory formation, long-term depression 
(LTD) is suggested to be a mechanism of forgetting (Dudek and Bear, 1992). LTD is a time-
persistent activity-dependent decrease in synaptic efficacy triggered by a low-frequency 
stimulation of excitatory synapses, which was first observed in the CA1 region of the 
hippocampus. Initial reports demonstrated that LTD induction is also dependent on NMDAR 
activation (Lynch et al., 1977, Kemp and Bashir, 2001). 
 
The trigger for LTD induction is predominantly an increase in postsynaptic [Ca2+]i throught 
NMDAR-dependent Ca2+ entry, VGCC and intracellular stores. Since postsynaptic rises in 
[Ca2+]i are implicated in both LTP and LTD it is thought that spatiotemporal and quantitative 
properties of the Ca2+ signal may determine whether LTD or LTP is induced (Lisman, 1989). 
Indeed, lowering the activity-dependent rises in postsynaptic Ca2+ prevents LTP but promotes 
LTD. Thus different thresholds levels of [Ca2+]i and postsynaptic activity are required to switch 
between either LTD (moderate increase) and LTP (strong increase) induction. However, a 
presynaptic rise in [Ca2+]i is required for the induction of LTD in the mossy fiber pathway in the 
hippocampus (Kobayashi et al., 1999). Further, LTD in hippocampal cultures was due to a 






LTP expression and maintenance 
 
Several Ca2+ sensitive enzyme have been proposed to play a role in converting the triggering 
signal (increase in [Ca2+]i) into persistent changes in the synaptic strength of LTP. Major 
evidences attribute a central role in the machinery required for LTP to  α-Ca2+/CaM-dependent 
protein kinase II (αCaMKII) because the autophosphorylated form of this enzyme does no 
longer require Ca2+ and becomes constitutively active. Thus αCaMKII can act as a memory 
molecule, recording the occurrence of a previous Ca2+ transient (Lisman and Goldring, 1988). 
Indeed, autophosphorylation of αCaMKII at the key residue T286 results in a constitutively active 
form that is Ca2+/CaM-independent (Miller et al., 1988). This Ca2+/CaM-dependent switch to a 
Ca2+/CaM-independent state occurs after the triggering of LTP (Fukunaga et al., 1993, Barria et 
al., 1997, Giese et al., 1998). Furthermore, mice that lack αCaMKII have diminished LTP (Silva 
et al., 1992b, Giese et al., 1998) and pharmacological and genetic lesions of αCaMKII impair 
LTP (Malinow et al., 1989, Silva et al., 1992b). In addition, overexpression of constitutively 
active αCaMKII occludes LTP (Mayford et al., 1996).  
 
An intense debate concerning LTP arouse from controversial hypothesis attempting to identify 
the locus of LTP. A postsynaptic mechanism that would explain the enhanced EPSP occurring 
during LTP involves the recruitment of new AMPAR to synapses that have few or no AMPAR 
(Malenka and Nicoll, 1999). In line with this idea, it has been shown that αCaMKII is able to 
phosphorylate AMPAR following the induction of LTP (Barria et al., 1997), which results in the 
increase of single channel conductance. Consistent with this model, LTD could be explained by 
desphosphorylation of AMPAR or their displacement away from synaptic membranes (Carroll et 
al., 1999). A presynaptic explanation would be that, since an AP-dependent release of 
neurotransmitter quanta occurs only 10 to 40% of the time at individual synapses (Malenka and 
Nicoll, 1999), a mixture of failures and successes of excitatory post-synaptic currents (EPSC) is 
recorded when a small number of synapses are activated at very low frequency. These failures 
have been assumed to be failure of neurotransmitter release. Therefore, because generation of 
LTP decreases the proportion of synaptic failure and the variation around the average of EPSCs, 
it was concluded that LTP involves an increase in the probability of neurotransmitter release 
(Kullmann et al., 1996). Evidence for an increase in neurotransmitter release came from 
experiments that have monitored the overflow of radiolabeled glutamate before and after the 
induction of LTP (Bliss et al., 1986) indicating that presynaptic changes occurs and last for 
several hours. 
 
Such a presynaptic model for LTP expression would implicate retrograde messengers released 
from the postsynaptic neuron toward the presynaptic terminus in order to maintain enhanced 
neurotransmitter release. Nitric oxide (NO), carbon monoxide, arachidonic acid and platelet-
activated factor are candidates for the role of retrograde messenger (Bliss and Collingridge, 
1993). In accordance with this idea, inhibition of NO synthase inhibits LTP expression (Kantor 
et al., 1996). 
 
Another model explaining the effects of the Ca2+-trigger involves activation of adenylate cyclase 
that results in increased levels of cAMP. In early stages of LTP, elevation of cAMP triggers the 
activation of protein kinase A (PKA) that in turn can phosphorylate substrates like K+ channels, 
thereby prolonging the duration of the AP and subsequently increase the entry of Ca2+ through 
VGCC. Sustained increase of [Ca2+] enhances transmitter availability and release. In the late 
stage of LTP, prolonged increase in cAMP levels activates PKA that in turn can translocate to 
the nucleus where it is thought to activate CREBs-mediated transcription of immediate-early 
genes. These immediate-early genes in turn would transcribe late effector genes encoding 
proteins involved in positive feedback loops or in structural changes at the synapse that are 
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suggested to underlie memory consolidation. Supporting this model, the translation inhibitor 
anisomycin reduces the duration of LTP to 3-6 hours. In contrast the transcription inhibitor 
actinomycine D has no effect during the 3 first hours of LTP expression. Structural changes 
observed at the synapse during the late phases of LTP consist in a transient remodeling of the 
postsynaptic membrane followed by a marked increase in the proportion of axon terminals 
contacting two or more dendritic spines suggesting that synaptic termini and spines duplicate 
during L-LTP (Toni et al., 1999). These observations suggest that the maintenance of long-
lasting synaptic plasticity involves many stages and not all depend on protein synthesis. (Abel et 
al., 1997, Milner et al., 1998, Kandel, 2001). 
 
 
Evidences of a role for synaptic plasticity in learning & memory  
 
The current synaptic plasticity and memory hypothesis is that activity-dependent synaptic 
plasticity is induced at appropriate synapses during learning and memory formation and is 
necessary for information storage underlying the type of memory mediated by the brain area in 
which that plasticity is observed. In particular, synaptic plasticities such as LTP or LTD display 
the physiological properties that are highly suggestive of an information storage device. 
 
Many behavioral studies using pharmacological or genetic tools could correlate synaptic 
plasticity to certain forms of learning and memory. For example in rodents, pharmacological 
blockade of NMDAR with the competitive antagonist D-2-amino-5-phosphonopentenoic acid 
(D-AP5) impaired not only LTP as discussed before, but also hippocampus-dependent forms of 
learning such as assessed with the Morris water maze spatial learning task, contextual fear 
conditioning and other, but not all, learning paradigms (Morris et al., 1986, Martin et al., 2000). 
The impairment is dose-related and occurs over a range of drug concentration comparable to 
those that impair hippocampal LTP in vivo and in vitro (Martin et al., 2000). If LTP correlates 
with learning and memory, drugs that enhance LTP should also enhance memory. Indeed, 
"ampakines", which decrease the rate of AMPAR desensitization were shown to enhance both 
hippocampal LTP (Staubli et al., 1994) and memory (Lynch, 1998). 
 
It was proposed that short-term synaptic plasticity could be responsible for temporary memory 
storage, as for example in working memory. Indeed, mice heterozygous for a αCaMKII 
mutation, and Synapsin I or/and II null mutant mice which have decreased short-termed synaptic 
plasticities (PPF or PTP), have also important deficits in learning tasks (Silva et al., 1996). These 
observations are consistent with models that propose a role for short-term plasticity in learning, 
as mice with decreased PPF or PTP, in the absence of known LTP deficits, also show profound 
learning impairments (Silva et al., 1996).  
 
Furthermore, knock-outs of αCaMKII (Silva et al., 1992a), fyn tyrosine kinase (Grant et al., 
1992), or other synaptic component known to play a role in LTP such as NMDAR subunit NR1 
(Tsien et al., 1996b), growth associated protein GAP-43 (Routtenberg et al., 2000), or 
calcineurin (Malleret et al., 2001), could make a parallel between synaptic plasticity decrease 
and impaired memory formation. Overexpression of NMDAR subunit NR2B (Tang et al., 1999) 
resulted in enhanced LTP matching with increased learning and memory. Furthermore mice 
lacking the NMDAR subunit 1 (NR1) have impaired LTP (Tsien et al., 1996b).  
 
O'Keefe and Dostrovsky discovered in 1971 (O'Keefe and Dostrovsky, 1971) that, as a rodent 
moves in an environment, the firing rate of hippocampal cells correlates with the animals 
location. Such neurons were called place cells and were suggested to encode a map-like 
representation of a rodent's environment. Studies examining the fine-tuning and stability of place 
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cell firing in mice with genetically modified elements known to be involved in induction or 
expression of LTP could demonstrate a link between LTP, place cells and spatial memory. 
Indeed, in mutant mice with either a constitutively inactive form of αCaMKII (αCaMKIIT286A) 
or a disrupted gene of the α and δ isoforms of the 3',5' cyclic AMP-response element binding-
protein (CREB), place cells from both mutants showed decreased spatial selectivity and place 
cell stability (Cho et al., 1998). Similar results were observed with mice lacking the NR1 subunit 
of the NMDAR (McHugh et al., 1996) or mice expressing a constitutively active form of 
αCaMKII (αCaMKIIT286D) (Rotenberg et al., 1996). Thus, LTP appears to be important for the 
fine-tuning and stabilization of place cells, and these place cell properties may be necessary for 
spatial learning. 
 
Recently, the question whether there is a relationship between LTD and learning and memory 
received more attention. There is good evidence that decreases in synaptic efficacy such as LTD 
may be the basis of physiological functions of some forms of learning and memory. Mice that 
lack metabotropic glutamate receptor 1 are deficient in LTD and are impaired in eye blink 
conditioning (Aiba et al., 1994). Furthermore, low frequency stimulation of a kind that does 
usually not result in LTD is able to induce LTD in the rat hippocampus during exploration of a 
new environment but not in a familiar environment (Manahan-Vaughan and Braunewell, 1999). 
This suggests that LTD could underlie mechanisms of synaptic changes associated with spatial 
memory formation in the hippocampus (Kemp and Bashir, 2001). 
 
At present, with regard to the strong evidence discussed above, the concept that synaptic 
plasticity represents the neuronal basis of memory formation is a largely accepted hypothesis. 
But this idea is still matter of debate since there is also evidence to the contrary. Indeed, 
knockouts of AMPAR subunits GluRA (Zamanillo et al., 1999), of postsynaptic density-95 
(Migaud et al., 1998), of PTPδ (Uetani et al., 2000) produce animals with modified LTP, which 
are not matched with comparable learning performances.  
 
 
The importance of calcium in the nervous system and calcium binding proteins 
 
The role of Ca2+ as a secondary messenger in many regulatory and signaling processes is well 
documented. In the nervous system, Ca2+ plays a central role, regulating several fundamental 
neuronal functions. Neurotransmitters, photons, hormones, odorants and electrical activity can 
trigger the rapid increase in intracellular Ca2+ concentration ([Ca2+]i) either from intracellular 
stores such as the endoplasmic reticulum (ER) or through influx from outside the cell across the 
plasma membrane. Ca2+ entry, through voltage-gated Ca2+ channels (VGCC), triggers 
excocytosis of synaptic vesicles and neurotransmitter release in a process that requires locally 
high free [Ca2+]i (100-200µM). As discussed before, changes in [Ca2+]i due to entry through 
channels, or intracellular stores also mediates rapid modulation of ion-channel function within 
millisecond timescale, temporal changes in synaptic efficacy like in short-termed synaptic 
plasticities, LTP, LTD, as well as long-term changes in gene transcription, which are key 
mechanisms underlying learning and memory formation.  
 
In many cases the function of Ca2+ depends on interaction with Ca2+ binding proteins (CaBP) 
which either mediate the action of Ca2+ on enzyme activities or regulates [Ca2+]i . In neurons, 
CaBP can be divided in two groups: Ca2+ buffers and Ca2+ sensors. The first group are thought to 
regulate [Ca2+]i through their Ca2+-buffer activity such as calbindin D9K, calbindin D28K or 
parvalbumin and are characterized by slow kinetic and high affinity for Ca2+. The second group, 
including Ca2+ sensors such as ubiquitous CaM or the retina specific recoverin are involved in 
the fine regulation of pathways. They can be Ca2+-dependent enzymes (e.g. kinases, 
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phosphatases, lipases or proteases), Ca2+-dependent channels (e.g. Ca2+-gated channels, 1,4,5-
inositol-3-phosphate receptors, ryanodine receptors) or Ca2+-dependent modulators (e.g. troponin 
C, CaM). In contrast, Ca2+-sensors will transduce the signal to other cellular components. Ca2+-
sensors are characterized by a very high affinity for Ca2+ in the range of KD=0.001 to 1µM. Upon 
binding with Ca2+, modulators undergo a conformational change exposing hydrophobic surfaces 
that can interact with target proteins (Nef, 1996).  
 
There are several families of CaBP that are classified according to their cellular localization and 
their Ca2+-binding motif primary structure (Celio, 1996). They can be either extra- or 
intracellular, cytosolic (e.g. CaM) or intraorganellic (e.g. calsequestrin). Among the cytosolic 
CaBP, following binding motifs are found: annexin fold Ca2+/phospholipids binding motif (e.g. 
synexin, calpactin), C2 key Ca2+/phospholipids binding motifs (e.g. PKC, PLC, synaptotagmins). 
But the most abundantly found Ca2+-binding motif among CaBP is the EF-hand motif (Fig. 7). 
To date more than 900 EF-hands from >250 CaBP homologues have been identified (Kretsinger 
and Nakayama, 1993, Nef, 1996). The crystal structure of the EF-hand Ca2+ binding motif has 
first been resolved from the carp parvalbumin (Kretsinger and Nockolds, 1973). It contains a 
canonical domain of 29 residues arranged in a helix-loop-helix conformation (Fig. 7) (Moews 





















Figure 7. (A) The helix-loop-helix EF-hand Ca2+ binding motif. The Ca2+ ion is coordinated in the loop by 7 
oxygen ligands provided by acidic side chains, by a carbonyl group of the peptide backbone and by a bridging water 
molecule. (B) 3D structure of a two-site tandem domain. (C) The six residues involved in the binding of Ca2+ and 
are in relative position 10, 12, 14, 16, 18, and 21 and are named X, Y, Z, -X, -Y, -Z. The Ca2+ coordinating residues 
X(10), Y(12), Z(14) and -Z(21) provide the oxygen from their side chain; Asp and Glu are most frequent but Asn, 
Gln, Ser or Thr are also found. Residues X(10), Y(12) and -Z(21) are the most conserved and are required for Ca2+ 
binding (Putkey et al., 1989). -Y(16) provide the carbonyl group. -X(18) usually has a side chain with an oxygen 
that stabilized the coordinating water molecule. The 3D structure is reminiscent of the right hand with the index as 
the first α−helix, the bent middle finger the loop and the thumb the second α-helix. 
 
 
Neuronal calcium sensors: a conserved calcium-binding protein family 
 
An emerging branch of the EF-hand CaBP superfamily is the family of nervous-system specific 
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a high degree of homology sharing between 37 and 100% identity at the amino acid level. They 
are small acidic proteins of 185 to 205 residues with a molecular weight of 22 to 24kDa. All 
contain 4 putative EF-hand motifs even though the first EF-hand is degenerated and not able to 
bind Ca2+. Many share a consensus sequence for N-terminal myristoylation. Ca2+ affinities range 
from low nM to low µM concentrations and can be cooperative or not. More than 40 members 
have already been identified in the NCS family. They were cloned from different eukaryotic 
species from yeast to human. Based on sequences similarities they were grouped in 6 subfamilies 























Figure 8. Phylogenetic tree showing the relationship between members of the NCS family (using CLUSTAL 
alignment algorythm of the DNAstar software). The size of the horizontal line is proportional to the evolutionary 
distances between protein sequences assuming that they evolved from a common ancestor. CaM is used as reference 
for the EF-hand CaBP superfamily. The NCS-1 subfamily is the neuronal calcium sensor-1 (NCS-1) subfamily 
including NCS-1 from human, chick, rat, mouse, Coenorhabditis elegans, Xenopus, as well as Drosophila frequenin, 
aplycalcin from Aplysia californica, crustacean NCS-1 (P.clarkii or crayfish), fungus NCS-1 (M.grisea), and yeast 
NCS-1 (also named Frq1 or YeNCS-1 or SpNCS-1 for S. cerevisiae or S. pombe respectively). Retinal NCS 
subfamily or recoverin subfamily , were the first identified, they are mainly expressed in the retina. The VILIP or 
Visinin-like protein subfamily, contains also the neurocalcins, hippocalcins, hippocalcin-like proteins (e.g.HLP2). 
The NCS-2 subfamily has only one member -Ce-NCS-2- from C. elegans. The KchIP subfamiliy contains the Kv K+ 
channel-interacting proteins (KChIP), and finally, the GCAP subfamily represents the guanyly cyclase- activating 
proteins which like the recoverin groups are mainly expressed in the retina. 
 
Vertebrate NCS-1 and yeast NCS-1 (YeNCS-1), the object of this study, belong to the second 
group of the NCS family, the NCS-1 subfamily. Therefore, the focus will be set on structural, 
biochemical and functional aspects of the NCS-1 subfamily. 
 
Structure and biochemical properties of NCS-1  
The gene encoding NCS-1 protein has been isolated in a large variety of organisms such as yeast, 
worm, fly, frog, mollusk, crustacean, chicken, mouse, rat, and human (Cox et al., 1994, De 
Castro et al., 1995, De Raad et al., 1995, Nef et al., 1995, Braunewell and Gundelfinger, 1999, 
Gomez et al., 2001, Chen et al., 2002, Hamasaki-Katagiri et al., 2004). Sequence alignments 
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Chick NCS-1 shares 100% identity at the amino acid level with the Xenopus, mouse, rat and 
human protein, 75% identity with C. elegans NCS-1, 72% with Drosophila frequenin, and 60% 
identity with S.cerevisiae NCS-1. They all contain 4 EF-hands (EF1, EF2, EF3 and EF4) among 
which EF1 is degenerated and unable to bind Ca2+ (De Castro et al., 1995). Previous studies 
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CE_NCS-1             KIYKQFFPQG DPSDFASFVF KVFDENKDGA IEFHEFIRAL SITSRGNLDE 
DROS_FREQUENIN       KIYKQFFPQG DPSKFASLVF RVFDENNDGS IEFEEFIRAL SVTSKGNLDE 
YE_NCS-1             KIYKQFFPFG SPEDFANHLF TVFDKDNNGF IHFEEFITVL STTSRGTLEE 
HUMAN_RECOVERIN      SIYAKFFPDT DPKAYAQHVF RSFDSNLDGT LDFKEYVIAL HMTTAGKTNQ 
                                                                      * 
 
 
                     101                                                150 
                     n--nn --nD -D-oG-Io-- En--nn--n 
HUMAN_NCS-1          KLRWAFKLYD LDNDGYITRN EMLDIVDAIY QMVG..NTVE LPEEENTPEK 
CHICK_NCS-1          KLRWAFKLYD LDNDGYITRN EMLDIVDAIY QMVG..NTVE LPEEENTPEK 
MOUSE_NCS-1          KLRWAFKLYD LDNDGYITRN EMLDIVDAIY QMVG..NTVE LPEEENTPEK 
XEN_FREQUENIN        KLRWAFKLYD LDNDGYITRN EMLDIVDAIY QMVG..NTVE LPEEENTPEK 
CE_NCS-1             KLHWAFKLYD LDQDGFITRN EMLSIVDSIY KMVG..SSVQ LPEEENTPEK 
DROS_FREQUENIN       KLQWAFRLYD VDNDGYITRE EMYNIVDAIY QMVG..QQPQ S.EDENTPQK 
YE_NCS-1             KLSWAFELYD LNHDGYITFD EMLTIVASVY KMMG..SMVT LNEDEATPEM 




                     151                                                200 
                     -n--nn--nD -D-oG-Io-- En--nn--n 
HUMAN_NCS-1          RVDRIFAMMD KNADGKLTLQ EFQEGSKADP SIVQALSLYD GLV....... 
CHICK_NCS-1          RVDRIFAMMD KNADGKLTLQ EFQEGSKADP SIVQALSLYD GLV....... 
MOUSE_NCS-1          RVDRIFAMMD KNADGKLTLQ EFQEGSKADP SIVQALSLYD GLV....... 
XEN_FREQUENIN        RVDRIFAMMD KNSDGKLTLQ EFQEGSKADP SIVQALSLYD GLV....... 
CE_NCS-1             RVDRIFRMMD KNNDAQLTLE EFKEGAKADP SIVHALSLYE GLSS...... 
DROS_FREQUENIN       RVDKIFDQMD KNHDGKLTLE EFREGSKADP RIVQALSLGG G......... 
YE_NCS-1             RVKKIFKLMD KNEDGYITLD EFREGSKVDP SIIGALNLYD GLI....... 




Figure 9. Alignment of the primary structure of human-, chick-, mouse-, Xenopus- (XEN), C.elegans-(CE), 
Drosophila-(DROS), S.cerevisiae-(YE) NCS-1/frequenin proteins and human recoverin, a member of the neuronal 
calcium sensor family. Black-shaded residues are identical to vertebrate NCS-1. The consensus sequence for the 29 
residues EF-hand motif is indicated, where "n" represents any nonpolar residue; "o" represents a residue with an 
oxygen in its side chain that coordinates Ca2+, and D, G, I and E above the sequences represent the most highly 
conserved residues in the EF-hand motif. Underlined residues correspond to Ca2+-binding loops. Residues marked 
with a black asterisk in EF1 prevent Ca2+-binding. Conserved hinge-point glycine residue are marked with a red 
asterisk. The consensus sequence for putative N-myristoylation is marked with "§". Secondary structures (α-helices) 






J I H 
G F 
E D 
C B A 
  23
The nuclear magnetic resonance-based three-dimensional model of Saccharomyces cerevisiae 
NCS-1 (also called Frq1 but for convenience hereafter yeNCS-1) and the crystal structures of 
human NCS-1 (huNCS-1) have recently been determined (Ames et al., 2000, Bourne et al., 
2001) revealing that both huNCS-1 and yeNCS-1 bind three Ca2+ in EF2, EF3 and EF4 (Fig. 10). 
The overall structure resembles that of neurocalcin and recoverin, members of the NCS group I 
family (Bourne et al., 2001). Indeed, it appears as a 35 x 60 x 40 Å, shell-shaped, globular 
protein. It contains 10 α-helices alphabetically labeled from A to J. The four EF-hands are 
organized in two pairs, EF1-EF2 in the N-terminal pair and EF3-EF4 in the C-terminal pair, 
which is connected by a hinge loop between residues 93 and 97. This hinge places the EF-hands 
on one side of the protein in a tandem linear array. The two glycine residues Gly42 and Gly96 
constituting the two hinge points that distinguish Ca2+-free and Ca2+-bound conformations in 
recoverin are conserved in NCS-1. NCS-1 contains a unique hydrophobic crevice made of 46 
residues provided by 8 α-helices. A quarter of the protein therefore contributes to this crevice. 
Another unique feature of NCS-1 is a solvant-exposed caboxyterminus composed of helix J that 
could be responsible for ligand recognition and account for the broad substrate specificity among 
members of the family (Bourne et al., 2001). The yeast NCS-1 structure was resolved using 
either myristoylated or non-myristoylated recombinant yeNCS-1 (Ames et al., 2000). Both forms 
were able to bind 3 Ca2+ ions in saturating conditions. However, affinity for Ca2+ in EF2 
(KD=10µM) is much weaker than that of EF3 and EF4 (KD=0.4µM). Myristoylated NCS-1 (myr-
NCS-1) binds Ca2+ with an increased affinity (KD=0.3µM) and has a positive Hill coefficient of 
n=1.25 indicating the N-myristoyl group confers some degree of cooperativity in Ca2+ binding 
(Ames et al., 2000), as seen previously in recoverin (Zozulya and Stryer, 1992). N-
myristoylation of NCS-1 has little or no effect on the overall structure of NCS-1, the fatty acyl 
chain is solvent-exposed and not sequestered within the hydrophobic pocket of the protein, 
unlike the myristoyl group in recoverin. Thus, whether or not NCS-1 exposes the myristoyl 
group upon Ca2+ binding like recoverin is still unclear and contreversial (Jeromin et al., 2004, 
O'Callaghan and Burgoyne, 2004). Rather it may contribute to the ability of NCS-1 to associate 
with membranes. The NCS-1 carboxyterminus seems to share some similarity with the C-
terminus of a Kv channel-interacting protein (KChIP) suggesting a common binding mechanism 
















Figure 10.  (A) Stereo-overlay ribbon diagram of human NCS-1 (yellow/cyan) and neurocalcin 
(orange/green) with bound Ca2+ ions. Ca2, Ca3, Ca4 refers to Ca2+ ions bound to EF hands EF2, EF3 and EF4 
respectively. Carboxyterminal helix J, which is thought to be responsible for substrate specificity, is highlighted in 
cyan for huNCS-1 and green for neurocalcin (Bourne et al., 2001). (B) Proposed structure of yeast NCS-1 (Frq1) 







Except for the unicellular yeast, NCS-1 expression seems to be mainly restricted to the nervous 
system. Indeed, in C.elegans, NCS-1 has only been detected in sensory neurons, interneurons 
and motorneurons. Only one muscle cell is expressing CeNCS-1 (Gomez et al., 2001). In 
Drosophila, the NCS-1 ortholog frequenin appears to be highly expressed at synapses in the 
brain and at neuromuscular junction throughout embryonic, larval, pupal, and adult stages 
(Pongs et al., 1993). Aplycalcin was found in Aplysia's abdominal ganglion and non-neural 
tissues (Dyer et al., 1996). Neuromuscular junction NCS-1 expression was also detected in the 
crayfish (Jeromin et al., 1999).  
 
In vertebrates, NCS-1 appears to be expressed throughout the nervous system. Indeed, chick 
NCS-1 transcripts were found in postmitotic neurons in several structures of the central and 
peripheral nervous system like forebrain, cerebellum, midbrain and the brain stem as well as in 
neuromuscular junctions, and optic tectum (Nef et al., 1995). Retinal layers at embryonic stage 
E18 were already positive for NCS-1 transcripts. This nervous system specificity is also 
observed in Xenopus (Olafsson et al., 1995). In the mouse, NCS-1 appeared to be widely 
distributed in the brain, spinal cord, and dorsal root ganglia, and particularly in the hippocampus. 
As early as embryonic day 12, NCS-1 was detected and its level remained high throughout 
mouse development, primarily expressed in neurons and presumptive astrocytes, (Olafsson et al., 
1997). Importantly, mouse NCS-1 was not detected in non-neural tissue (Olafsson et al., 1997). 
In the rat, NCS-1 immunoreactivity was detected in neuronal cell bodies and axons throughout 
the brain and spinal cord but not in glial cells (Martone et al., 1999). Rat NCS-1 mRNA is 
present in all brain areas (Paterlini et al., 2000). All cortical layers except layer I are expressing 
NCS-1. Moderate expression was observed in the caudate putamen and nucleus accumbens, 
hypothalamus and the amygdala. NCS-1 transcripts were also oberved in the whole thalamus and 
midbrain and in brainstem neurons in the pons and medulla. Purkinje cells and basket cells in the 
cerebellum were also found to express NCS-1 (Schaad et al., 1996). In the hippocampus, CA1-
CA3 pyramidal neurons and granule cells of the dentate gyrus are expressing uniformly NCS-1 
(Paterlini et al., 2000). The most intense expression was observed in myelinated axons, however 
some non-myelinated cells were also found to express NCS-1 like the axonal ramification in the 
basket cells in the cerebellar cortex. (Martone et al., 1999). In human, NCS-1 is expressed most 
abundantly in the brain, only trace amounts of NCS-1 mRNA were detected in kidney, heart, 
intestin, ovary, testis and prostate. Interestingly, the highest level of NCS-1 mRNA expression 
level was detected in the cerebellar cortex (Chen et al., 2002). Strong expression was observed in 
the temporal lobe, occipital pole, frontal lobe, thalamus, amygdala and hippocampus. Weaker 
NCS-1 levels were found in cerebellum, putamen, caudate nucleus, medulla, substantia nigra, 
thalamus, and corpus callosum (Chen et al., 2002). 
 
Subcellular localization of NCS-1 
At the subcellular level, NCS-1 is found both pre- and postsynaptically (Martone et al., 1999, 
Sage et al., 2000). In mouse it was preferentially localized in neurites (dendrites and axons) 
(Olafsson et al., 1997) correlating with the strong labelling observed in neurofilament-rich 
structures (Martone et al., 1999). In dendrites of pyramidal and granule cells of the mouse 
hippocampus, NCS-1 was shown to be coexpressed with Kv4.2 channels (Nakamura et al., 
2001). NCS-1 was also detected in the perikaryon where intense NCS-1 immunoreactivity was 
associated with the membranes of the trans saccules of the Golgi apparatus (Martone et al., 
1999).  
 
Several studies have shown that NCS-1 could associate with membranes (Ames et al., 2000, 
Weisz et al., 2000) confirming the observation of NCS-1 localization in proximity of Golgi 
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membranes (Martone et al., 1999). Closely related Ca2+-binding protein such as recoverin bind 
membranes when myristoylated but not in the non-myristoylated state (Zozulya and Stryer, 
1992). Furthermore, the myristoylated recoverin undergoes a Ca2+-dependent conformational 
change that exposes the fatty acyl group, allowing recoverin to associate with membranes. This 
mechanism is called the myristoyl switch (REF). Since NCS-1 proteins have a conserved N-
terminal myristoylation sequence like recoverin, it has been proposed that NCS-1 could also 
display such a myristoyl switch upon Ca2+ binding. Indeed, in yeast, the N-myristoyl group 
seems necessary for high affinity interaction of NCS-1 with biological membranes. Furthermore, 
Ca2+-binding induces additional conformational changes that contribute to the ability of NCS-1 
to associate with membranes in a manner independent of the N-myristoyl group (Ames et al., 
2000). Vertebrate NCS-1 was shown to be able to bind adrenal medulla membranes or rat brain 
membranes in presence of Ca2+ chelator (McFerran et al., 1998, McFerran et al., 1999).  
 
In PC12 and chromaffin cells, NCS-1 has a weak endogenous expression colocalized with the 
presynaptic microvesicle marker synaptophysin (McFerran et al., 1998). In HeLa cells, 
localization of NCS-1 was unaffected by mutations in all functional EF hands (O'Callaghan et 
al., 2002), indicating that its localization was independent of Ca2+, and that NCS-1 has a pattern 
of membrane interaction that does not fit the recoverin Ca2+/myristoyl switch. The structural 
homology between HuNCS-1 and recoverin suggests that HuNCS-1 might use the same 
structural switch (Bourne et al., 2001) although the N-myristoyl group of yeast NCS-1 does not 
affect its overall structure (Ames et al., 2000). Thus whether or not NCS-1 displays the myristoyl 
switch is still a controverse. 
 
NCS-1 functions 
Several species orthologs out of the NCS family are remarkably conserved during evolution. 
Indeed, as mentioned before, the NCS-1 subfamily shows 100% identity at the amino acid level 
among vertebrate NCS-1 and one of the most "diverging" subfamily member is the S.cerevisiae 
NCS-1 that presents 60% identity, which is actually a very high level of homology. This suggests 
that NCS proteins have a fundamental and highly conserved function, which has been recruited 
by neurons. Several studies have proposed multiple targets with different physiological functions 
both in vitro and in vivo for NCS proteins and NCS-1 in particular.  
 
The most well studied example of NCS protein function is the recoverin modulation of light 
sensitivity. In the resting state (dark state), photoreceptor cells are partially depolarized. This is 
achieved by cGMP-gated ion channels, which are kept open for the influx of Na+ and Ca2+ ions 
as a consequence of retinal guanylyl cyclase (GC) activity that steadily produces cGMP. GC is 
activated at low [Ca2+]i by GC activator proteins (GCAP), members of the NCS family. Light 
activates the photon receptor rhodopsin that is coupled to the G-protein transducin. The activated 
α-subunit of transducin stimulates phosphodiesterase (PDE), resulting in hydrolysis of cGMP. 
The fall in cGMP concentration allows closure of cGMP-gated channels, resulting in diminution 
of [Ca2+]i and [Na+]i and hyperpolarization of the cells and subsequent reduction of 
neurotransmitter release. The light signal is thus converted in a "no transmission" signal, 
processed by other retinal neurons and finally the visual cortex. This phototransduction pathway 
can be modulated through Ca2+, adapting the phototransducing signal to different illumination 
intensities. Active rhodopsin can be partially inactivated by phosphorylation via rhodopsine 
kinase, also called G-protein receptor kinase 1 (GRK1). This phosphorylation can be inhibited by 
recoverin when [Ca2+]i is high. Thus, recoverin prevents rhodopsine inactivation thereby 
prolonging the activity of PDE and downregulating cGMP levels. Thus at high [Ca2+]i, recoverin 
increases the sensitivity of rhodopsine to photons in poor illumination. In the opposite, during 
bright illumination conditions, when [Ca2+]i is low, the quenching of rhodopsin is not affected by 
recoverin. Rhodopsin can thus be inactivated resulting in the lowering of the light response 
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duration (Klenchin et al., 1995). Interestingly, NCS-1 was reported to regulate rhodopsin 
phosphorylation through GRK1 in a Ca2+-dependent manner, thus suggesting a potential role of 
NCS-1 in the Ca2+-dependent phosphorylation of components of the signal transduction 
machinery (De Castro et al., 1995, Iacovelli et al., 1999). 
 
Clues on NCS-1 functions arose during the characterization of the molecular basis of neuronal 
hyperexcitability in Drosophila mutant known as the V7 mutant (Mallart et al., 1991). Several 
Drosophila mutants have been described for their abnormal motor phenotype called "shaker" like 
phenotype (Tanouye and Ferrus, 1985). Electrophysiological studies revealed that these mutant 
have abnormal AP duration and/or frequencies and abnormal neurotransmitter release at the 
neuromuscular junction which were found to be due mutations in subunits of shaker K+ 
channels. In contrast, in the V7 mutants, the phenotype was due to the fact that these mutants 
have a 3 to 4 fold increased expression level of the gene encoding frequenin, the orthologue of 
NCS-1 (Pongs et al., 1993). The V7 mutant, or similarly transgenic flies overexpressing 
frequenin (7 to 14 fold) under the control of a heat-shock promoter, exhibits a synaptic 
facilitation of neurotransmission in response to repetitive depolarization (> 5 Hz) while basal 
synaptic transmission (< 1 Hz) is not changed. The role of frequenin in the short-term facilitation 
of neurotransmitter release is not clearly defined. An explanation would be that [Ca2+] increase 
builds up during the repetitive stimulation resulting in frequenin activation and subsequent 
synaptic facilitation of neurotransmission. The molecular mechanism implicating frequenin in 
this short-term facilitation process of neurotransmitter release is not clearly defined. However, it 
has been proposed that frequenin could modulate Na+/Ca2+ exchange through an accumulation of 
internal Na+, thus reducing local Na+ gradient which would increase the presynaptic excitability 
by inhibiting Na+/Ca2+ exchange (Rivosecchi et al., 1994). Another study suggested that 
frequenin could modulate K+ channels function through alteration of intracellular cGMP-
dependent metabolic pathways responsible for the internal Ca2+ homeostasis (Poulain et al., 
1994). Correlating with the frequenin role in synaptic facilitation in Drosophila, the frog 
Xenopus was also shown to increase evoked neurotransmitter release at the neuromuscular 
junction after injection of recombinant frequenin into blastomere (Olafsson et al., 1995). 
Suggesting a role in synaptic efficacy in vertebrate nervous system.  
 
NCS-1 has also been reported to substitute for, or potentiate CaM (Schaad et al., 1996). 
Although NCS-1 and CaM share only 21% amino acid identity, it was observed that NCS-1 can 
directly activate in vitro two Ca2+/CaM dependent enzymes namely 3',5'-cyclic nucleotide 
phosphodiesterase (PDE) and calcineurin, and potentiate the action of CaM on the activity of 
nitric-oxid synthase (Schaad et al., 1996). Furthermore, in Paramecium tetraurelia carrying a 
mutation in the single copy CaM gene called cam1, which tend to overreact to various stimuli by 
a longer backward swim (Kink et al., 1990), it was shown that injection of recombinant NCS-1 
into this mutants, partially restored the cam1 mutant phenotype to the wild type phenotype 
(Schaad et al., 1996). Electrophysiological data revealed that cam1 phenotype was due to the loss 
of Ca2+-dependent K+ current. Since the Ca2+-dependent K+ channel appears to be regulated by a 
desinhibitory mechanism mediated by CaM (Saimi and Ling, 1990) it was suggested that NCS-1 
acts in a similar way on the K+ channel (Schaad et al., 1996). 
 
It has recently been shown that S.cerevisiae NCS-1 could genetically and biochemically interact 
with a phosphatidylinositol 4-OH kinase (PI(4)K) named PIK1, and activate it (Hendricks et al., 
1999). PI(4)K are involved in the first steps in the synthesis of phosphatidylinositol-4,5-
bisphosphate (PIP2). In neurons, the demand on PIP2 is high because of Ca2+-dependent 
hydrolysis of PIP2 when G-protein coupled receptors and subsequently phospholipase C, are 
activated (Vignes et al., 1996). Furthermore, Ca2+-triggered exocytosis of synaptic vesicles and 
their reformation through PIP2-dependent endocytosis require a large pool of PIP2 (Jost et al., 
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1998). It has thus been proposed that NCS-1 could have a role in the exocytic-vesicle 
reformation by providing a feedback signal in which NCS-1, through localized Ca2+ signaling, 
could stimulate replenishment of PI and PIP2 at appropriate location by recruiting PI(4)K to 
these sites. Interestingly, a PIK1 homologue –type IIIβ phosphatidylinositol 4-OH kinase 
(PI(4)KIIIβ)- exists in animal cells and PI(4)KIIIβ activity can be detected in nerve-terminal-
derived synaptic vesicle (Fruman et al., 1998, Wiedemann et al., 1998). However, whether or not 
NCS-1 binds and activates this kinase in mammals is still controversial. Indeed, PI(4)KIIIβ and 
NCS-1 have been shown to be colocalized in neurites of newborn cultured dorsal root ganglia 
neurons but not to interact physically (Bartlett et al., 2000). In contrast, recombinant PI(4)KIIIβ 
and recombinant NCS-1 were able to interact in vitro as well as to colocalize at the Golgi and on 
perinuclear vesicles when expressed in COS-7 cells. In addition, NCS-1, when myristoylated, 
could activate PI(4)KIIIβ (Zhao et al., 2001), thus suggesting a role for NCS-1 in the regulation 
of vesicular trafficking.  
 
Consistent with a putative role of NCS-1 in vesicle traffic, release and secretion, it was found 
that when overexpressed in PC12 cells, NCS-1 increased evoked release of cotransfected growth 
hormone in response to adenosine triphosphate (ATP) but not in permeabilized cells. Hence, 
NCS-1 may have a regulatory but indirect function in neurosecretion (McFerran et al., 1998). At 
the opposite, overexpression of NCS-1 in polarized Madin-Darby canine kidney cells inhibits 
delivery of newly synthesized influenza hemagglutinin to the apical cell surface (Weisz et al., 
2000). Furthermore, in AtT-20 anterior pituitary cell lines, overexpression of NCS-1 altered 
positively and negatively the secretion of adrenocorticotrophin (ACTH) upon different 
pharmacological stimulation (Guild et al., 2001). Together, these observations suggests that 
NCS-1, in cultured cells, seem to have a regulatory function in secretion but the molecular and 
cellular mechanism, the actual NCS-1-specific pathway and its target(s), have not yet been 
defined in a whole vertebrate organism. 
 
More recently, different studies on in vitro cell culture systems have suggested a role for NCS-1 
in the regulation of different ion channels. Indeed, expression of a dominant negative mutant 
NCS-1 (mutated in EF2), resulted in increased P/Q-type Ca2+ current elicited by depolarization 
of patch-clamped adrenal chromaffin cells (Weiss et al., 2000, Weiss and Burgoyne, 2001). The 
authors of these studies suggest a voltage-independent inhibition of these channels via an NCS-
1-dependent pathway that involves the Src family of tyrosine kinases (Weiss and Burgoyne, 
2001). However, recent findings suggested that the enhanced neurotransmitter release observed 
at the Xenopus NMJ upon NCS-1 overexpression (Olafsson et al., 1995) was induced by glial 
cell-line derived neurotrophic factor (GDNF) that enhances presnayptic expression of NCS-1 
resulting in potentiation of N-type Ca2+ channels known to be involved in the coupling of Ca2+ 
influx and neurotransmitter release (Wang et al., 2001). Further, recent findings revealed that 
NCS-1 is a potent and specific modulator of Kv4.2 K+ channel. Indeed, frequenin increased 
Kv4.2 current amplitude and slowed the inactivation time course in a Ca2+-dependent manner in 
Xenopus oocytes (Nakamura et al., 2001). Therefore, it appears that NCS-1 might act on 
different pathways. 
 
What is/are the target(s) of NCS-1? As mentioned before a putative target is PI(4)K identified in 
studies in yeast (Hendricks et al., 1999). However, it is likely that NCS-1 might have several 
interacting partners. Indeed, biotinylated-NCS-1 overlay experiments suggested the presence of 
multiple, unidentified and specific Ca2+-dependent as well as Ca2+-independent NCS-1 binding 
proteins in subcellular fractions of adrenal chromaffin cells (McFerran et al., 1999). The 
previously mentioned Kv4.2 K+ channel is a target-candidate since it was shown that NCS-
1/frequenin physically interacts with and colocalized with Kv4.2 channels in various areas of the 
mouse brain (Nakamura et al., 2001). 
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Taken together, these data suggest a putative mutlifunctional role of NCS-1 in modulating Ca2+-
dependent signaling via multiple targets involved in key neuronal functions like neurosecretion, 
channel regulation, neurotransmitter release and synaptic plasticity. Furthermore, as NCS-1 is 
highly conserved through evolution and is widely expressed throughout the nervous system it 
may be involved in a variety of functions that are thought to require synaptic efficacy modulation 
such as sensory processing, motor control, emotional control, and even learning and memory. 
 
NCS-1 in learning and memory, the example of CeNCS-1 
 
Interestingly, a recent study in the nematode C. elegans revealed that Ca2+ signaling through 
NCS-1 defines a new mechanism essential for associative learning and memory (Gomez et al., 
2001). C.elegans's entire genome was the first to be fully sequenced (C.elegans-Sequencing-
Consortium, 1998). This nematode has a simple nervous system of 302 neurons of which the 
exact total wiring has been established. Furthermore they show simple behaviors like 
chemosensation or thermosensation that can be modified by simple forms of learning, thus 
making it a well-suited animal model for the study of learning and memory (White, 1986). 
Indeed, worms are able to associate food with the temperature at which they were grown 
(Hedgecock and Russell, 1975). This association is reflected by a unique phenotype, the 
isothermal tracking behavior (IT) of a single worm that migrates to the precise growth 
temperature, which can be observed on food-depleted plates with a radial temperature gradient 
(Hedgecock and Russell, 1975). Worms can learn (acquisition) and retain (retention) the 
associative food/temperature information for several hours before switching into a random 
temperature-unspecific search mode (extinction) (Mori, 1999). In C. elegans, CeNCS-1 is 
expressed only in sensory neurons, among which AFD and AIY, known to be implicated in 
thermosensation and IT behavior. To investigate the role of CeNCS-1 in neuronal activity, 
Gomez and collegues (Gomez et al., 2001) disrupted the Ce-ncs-1 gene, resulting in Ce-ncs-1 
knockout animals (KO). When tested for the associative learning paradigm, the KO animals 
showed abnormal IT behavior. This phenotype could be rescued by reintroduction of wild type 
(WT) CeNCS-1 but interestingly not by a loss of function mutant version of CeNCS-1 that was 
unable to bind Ca2+ (Gomez et al., 2001). Moreover, the abnormal learning phenotype could be 
rescued by expressing the WT Ce-ncs-1 gene in one specific neuron (AIY) only, using a cell-
specific promoter. Furthermore, overexpression of Ce-ncs-1 in normal worms revealed that high 
levels of CeNCS-1 expression results in better performance and faster acquisition and produces a 
memory with slower extinction (Gomez et al., 2001)(Fig. 11). Therefore, the amount of Ce-ncs-1 















Figure 11.  Regulation of associative learning and memory by CeNCS-1. Schematic diagram indicating 
that the amount of CeNCS-1 directly regulates IT behavior. Absence of CeNCS-1 (ncs-1 KO) impedes the majority 
  29
of worms from performing IT behavior, whereas its presence (WT) allows it. Overexpression of CeNCS-1 (TG-ncs-




The role of calcium in Saccharomyces cerevisiae 
 
 
Saccharomyces cerevisiae as a simple molecular biology tool 
Saccharomyces cerevisiae (also named budding yeast or baker's yeast) is an eukaryotic 
unicellular fungus of the ascomycete family. It has the advantages of small organisms like 
Escherichia coli in terms of growth rate, DNA mediated transformation. It is characterized by a 
doubling time of 90 minutes on rich media and up to 120 minutes on selective media but it 
displays most features of higher eukaryotes.  
 
Cells divide mitotically by forming a bud, which pinches off to form a daughter cell. Since yeast 
can grow on a complete defined medium, many nutritional auxotroph mutants have been 
isolated, which can be used for metabolic pathways analysis and serve as tools for genetic 
analysis. Yeasts can exist stably in either haploid or diploid state. The haploid state is 
characterized by two mating types called a or α. Diploids a/α cells can grow mitotically 
indefinitely but under carbon or nitrogen starvation, will undergo meisosis and sporulation. The 
products of meiosis are four spores (called tetrad) and are contained in structures called ascus. 
The four haploid spores can be individually isolated and analysed. Mutation of chromosomal 
markers like auxotrophic mutation exhibit Mendelian 2:2 segregation in tetrads after sporulation 
of heterozygous diploids. Because yeast has a very efficient recombination system, DNAs with 
alterations in cloned genes (or not) can be introduced into the chromosome at the corresponding 
homologuous site (Shortle et al., 1982, Rothstein, 1983). Together, these molecular biology tools 
have permitted the rapid identification of phenotypes of individual genes. 
 
The haploid Saccharomyces cerevisiae genome is spread on 16 linear chromosomes ranging 
from 200 to 2200kb. Thus the largest yeast chromosome is still 100 fold smaller than the average 
mammalian chromosome. The yeast genome has been completely sequenced. The sequence of 
12,068 kilobases defines about 6000 (5885 precisely) potential protein-encoding genes (Goffeau 
et al., 1996). Dispite its small genome size, yeast is a characteristic eukaryote, containing all the 
major membrane bound subcellular organelles found in higher eukaryote as well as cytoskeleton 
and nucleus.  
 
Yeast and calcium 
Yeast cells maintain Ca 2+ homeostasis even at concentration gradients of five orders of 
magnitude. Low level of free cytosolic [Ca2+] concentration (100–200nM) is maintained with 
external concentration ranging from 0.1uM to 10mM (Davis, 1995). Ca2+ is an absolute 
requirement for yeast growth not only in nuclear division but also in many other cellular 
functions (Catty, 1999).  
 
As in mammalian cells, Ca2+ signaling function is largely carried out by CaM and Ca2+/CaM-
dependent kinases and phosphatases (Catty, 1999). However, during search of yeast homologs to 
mammalian proteins known to be involved in Ca2+ metabolism and its regulation, and 
identification of yeast proteins containing Ca2+-binding motif, 84 putative Ca2+-related proteins 
were identified among the 6000 predicted gene products (Catty, 1999). They include: membrane 
proteins involved in Ca2+ transport and homeostasis (e.g. ATPase, Ca2+/Na+ exchanger, Ca2+/H+ 
exchanger, Ca2+-channels), membrane proteins involved in Ca2+-dependent pathways (e.g. 
phosphatidyl inositol kinases, calnexin homolog) and non-membrane proteins implicated in 
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Ca2+-dependent pathways (e.g. Ca2+-dependent proteases, myosin light chain, centrin), proteins 
implicated in Ca2+-signaling (e.g. CaM), calcineurin Ca2+/CaM-dependent kinases, 
phospholipase C, protein kinase C), (Catty, 1999). Vesicular exocytosis is controlled by protein 
machinery that is conserved in organisms ranging from yeast to human (Ferro-Novick and Jahn, 
1994) (Bennett and Scheller, 1993, Schekman and Orci, 1996). Ca2+ plays an essential role in the 
yeast secretory pathway, in particular in the fusion of endoplasmic reticulum (ER)-derived 
vesicles and Golgi membranes and protein transport (Davis, 1995). 
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Aim of this study 
 
My thesis will be presented in three parts. Each part will be presented and discussed in separate 
sections and the obtained results will be discussed in a final, common conclusion. 
 
1. In the first part, we used the yeast model Saccharomyces cerevisiae in order to 
understand the biochemical role of yeNCS-1. Since NCS-1 is particularly well conserved 
in evolution, yeast NCS-1 could be used to explain basic cellular and molecular aspects 
of NCS-1’s function in higher eucaryotes. 
 
In terms of learning and memory, mice are probably the most studied vertebrates. Since the 
1990's genetic studies are possible, gene targeting, electrophysiology, as well as behavioral 
studies. Mice are closely related to humans from a physiological perspective. The phenotypes of 
a mutant mouse can be studied at many levels: from biochemistry to cell biology and to systems 
physiology to behavior.  
 
2. In the second part we decided to produce mice that lack NCS-1 in order to address a 
function to NCS-1 in vivo.  
 
3. In the third part we used a similar approach to unravel the function of NCS-1 in vivo: we 
produced transgenic mice that overexpress NCS-1 specifically in the brain NCS-1. We 
expect that NCS-1 could play a role in key neuronal functions such as synaptic plasticity 
and even behavior. 
 
 
This studies lead to the submission of the following publication, which corresponds to the Part 3 
of my thesis: 
 





Part 1: NCS-1 in Saccharomyces cerevisiae 
 
 
Part 1: Experimental procedures 
 
Strains, culture conditions and general methods 
The starting yeast strain was W303-1B (a kind gift from Prof. D. Shore, University of Geneva, 
Switzerland), which has the genotype MATa/α ade 2-1, can 1-100, his 3-11, 15, leu 2-3, 112, trp 
1-1, ura 3-1. Media and general techniques of yeast growth and DNA-mediated transformations 
were used as described in standard protocols (Sherman, 1986). Yeast strains were generated by 
DNA-mediated transformation and selective growth on solid complete minimal medium without 
uracil (CSM-URA3) consisting of 26g/L of drop out base (DOB, Bio101), 0.8g/L CSM-URA3 
(Bio101) and 10g/L agar. Yeast strains are listed in Table 2. 
Conventional procedures were used for the construction and propagation of plasmids in E.Coli 
strains. DNA sequence analysis was done by the Sanger methods using custom primers and 
automated cycle sequencer (Applied Biosystems). Cell density was determined by measuring 
absorbance of cell suspensions at 600nm (OD600nm). PCR reactions and restriction endonuclease 
reactions were performed according to the provider’s instructions (Roche Biochemicals) and 




















DNA manipulations, mutagenesis, and plasmids construction  
 
yeNCS-1 cloning: The YDR373w open reading frame (ORF) coding for the yeNCS-1 gene was 
amplified by polymerase chain reaction (PCR) from the cosmid 9481 using the following 
primers: 5’-GCGGATCCGTTGTAAAGTAGACATGAT-3’ and 5’-
TTGACGTCCTAGGCCTACTCTGCATACTTA-3’. The purified PCR fragment was then 
inserted by T-vector cloning into EcoRV-digested pBSK- vector (Marchuk et al., 1991), 
generating a plasmid carrying the 573bp-long yeNCS-1 gene flanked by 633bp of the 5’UTR 
region and 174bp of the 3’UTR region and named pBSK- yeNCS-1.  
 
Gene disruption construct: A gene disruption construct named pFA6aKanMX4-∆yencs1 was 
made as follows: 167bp of 5’UTR and 148bp of 3’UTR were amplified by PCR, cloned in 
Table 2.          S. cerevisiae  strains
Strain Genotype Origin
W303-1B MAT a/ α  ade 2-1/ can 1-100/ his 3-11, 15/ D.Shore
leu 2-3, 112/ trp 1-1/ ura 3-1
YDS33(a) MAT a  tester strain D.Shore
YDS32(α) MAT α  tester strain D.Shore
YAM1 W303-1B MAT a/α / yencs1 ∆::Kan R  / yeNCS-1 This study
YAM2 * MAT a  / yencs1 ∆::Kan R  (YEp352 yeNCS-1) This study
YAM5 * MAT a  / yencs1 ∆::Kan R  (YEp352 yeNCS-1 (2D-A )) This study
YAM6 * MAT a  / yencs1 ∆::Kan R  (YEp352 huNCS-1 ) This study
YAM7 * MAT a  (YEp352) This study
YAM8 # MAT a  / yencs1 ∆::Kan R  (YCplac33 yeNCS-1 ) This study
YAM11 # MAT a  / yencs1 ∆::Kan R  (YCplac33 yeNCs-1 (2D-A )) This study
YAM12 # MAT a  / yencs1 ∆::Kan R  (YCplac33 huNCS-1 ) This study
YAM13 # MAT a  (YCplac33) This study
YAM14 § MAT a  (YEp352 yeNCS-1 ) This study
*  Haploid strain derived from YAM1 by transformation with the 2µm vector YEp352 containing either yeNCS-1 ,  
    yeNCS-1 (2D-A ), huNCS-1  or the empty vector, followed by tetrad dissection.
#  Haploid strain derived from YAM1 by transformation with the CEN  vector YCplac33 containing either yeNCS-1 ,
    yeNCS-1 (2D-A ), huNCS-1  or the empty vector, followed by tetrad dissection.
§ Derived from W303-1B by transformation with the 2µm vector YEp352 containing yeNCS-1
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Invitrogen's pCRII-TOPO vector according to suppliers instructions, excised by respectively 
BamHI-BglII (5’UTR) and SpeI (3’UTR) digestions and inserted in two steps into 
pFA6aKanMX4 (a kind gift from Peter Philipsen, Basel University) upstream and downstream 
of the 1695bp long kanamycine resistance cassette (KanR, Fig. 13.A). 
 
Mutagenesis: To generate the point mutations D109A in yeNCS-1 by PCR, the primer 5'-
GAACTTTATGATTTAACCATGATG-3' was used (mismatched nucleotides in 
underlined/bold) and the antisens primer introducing a BamHI site directly after yeNCS-1 stop 
codon 5'-CGGATCCTCATATTAAGCCATCGTAAAGG-3'. The resulting 248bp fragment was 
then agarose gel purified and diluted to be used an antisens "megaprimer" together with a sens 
primer homologous to the start codon region of yeNCS-1 introducing a XbaI and NcoI site 
directly before the ATG (5'-GCTCTAGAGCCATGGGAGCCAAGACGTCAAAGC-3') and 
pBSK- yeNCS-1 as template. The resulting full-length PCR product was then inserted in EcoRV 
digested pBSK- by T-vector cloning. The same strategy was used to generate (D157A) using 5'-
GAAGATCTTCAAATTAATGGCTAAGAACGAA-3', amplifying a 108bp fragment as 
"megaprimer" and pBSK-yeNCS-1(D109A) as template resulting in the double mutant yeNCS-
1(D2-A). The promoter region of yeNCS-1carried by pBSK- yeNCS-1 was then added to the 
mutants resulting in a construct having the yeNCS-1 promoter and ORF. These were then excised 
from pBSK- to be inserted into a BamHI site of the 2µm multicopy shuttle vector YEp352 (for 
replication in bacteria and yeast). Finally, the 174bp-long 3'UTR sequence was then amplified by 
PCR using pBSK- yeNCS-1 as template, subcloned in pCRII-TOPO and finally inserted in 
YEp352 carrying yeNCS-1(2D-A) or huNCS-1 (see below) using appropriate restriction sites. 
The resulting YEp352 constructs carrying the yeNCS-1 promoter, the yeNCS-1 ORF (mutated or 
not) and the 3'UTR were then subcloned into a BamHI site of the low copy shuttle vector 
YCplac33 (CEN vector with a centromeric-like origin of replication).  
 
Human NCS-1: Human NCS-1 cDNA (huNCS-1, P. Nef, F. Hoffmann-La Roche, Ltd.) was 
subcloned into YEp352 and YPclac33 flanked by yeNCS-1 promoter and the 3'UTR. The yeNCS-
1-promoter was amplified by PCR to introduce a NcoI site directly before the start codon, 
subcloned into pBSK- where a NcoI-HindIII fragment containing huNCS-1 was inserted. The 
yeNCS-1 3'UTR was then inserted at the 3' end of huNCS-1 in a XbaI site, resulting in pBSK-
huNCS-1. This latter construct containing yeNCS-1 promoter huNCS-1 and yeNCS-1 3'UTR was 
used to subclone huNCS-1 into a BamHI site of YEp352 and YPclac33. 
 
pGEX-6P-3 constructs: yeNCS-1 wild-type (WT), and yeNCS-1(2D-A) were introduced in the 
IPTG inducible expression vector pGEX-6-P3 (see below, Production of recombinant GST-
fusion proteins). PCR amplification products of yeNCS-1 WT, and yeNCS-1(2D-A) using the 
sens primer containing a BamHI and NcoI site before the start codon: 5'-
GGATCCATGGGAGCCAAGACGTCAAAGC-3' and the antisens primer 5'-
GGATCCTCATATTAAGCCATCGTAAAGG-3' containing a BamHI site after the stop codon 
were subcloned in pCRII-TOPO vector, excised with BamHI and ligated into the BamHI site of 
pGEX-6-P3 in the same reading-frame downstream of the glutathione-S-transferase (GST) gene 
present on the pGEX-6P-3 expression vector. 
 
Sequencing: Full-length nucleotide sequencing confirmed the authenticity of each construct. 
Both strands of each plasmidic construction were sequenced using appropriate primers and 
employing dRhodamine Terminator Cycle DNA Sequencing Kit (Perkin-Elmer Applied 
Biosystems), according to manufacturer’s instructions. Subsequent electrophoretic separation 
and analysis were performed on a Perkin Elmer ABI PRISM 310 Genetic Analyzer, and 
sequences were analyzed using DNAstar software. 
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Generation of a heterozygote null-mutant  yencs1∆::KanR / yeNCS-1 
 
An agarose gel purified 1.8kb BamHI-NotI fragment from the disruption construct was used for 
DNA mediated transformation W303-1B cells generating by homologous recombination the 
heterozygote null-mutant yencs1∆::KanR/yeNCS-1 named YAM1 (Table 2) after selective 
growth on YPD-agar plates containing 200mg/L kanamycine. 
 
PCR genotyping: for verification of correct gene replacement by PCR genotyping, half of a 
single colony of YAM1 and W303-1B strains was transferred to 1.5ml tubes, washed twice in 
200µl H2O by centrifugation during 1 min at 6000rpm, after removal of supernatant, cells were 
boiled 2 min and resuspended in a PCR reaction mixture containing either primer 1 and 2 or 
primer 1 and 3. Primer 1 (sens, 5'-TGCGTACCCATTAGCCTCTT-3') was homologous to a 
region 248bp upstream start codon of the yeNCS-1 gene, primer 2 (antisens, 5'-
TCCTCTGGACGTTGTACTCAA-3') was homologous to a sequence internal of yeNCS-1 and 
the primer 3 (antisens, 5'-CTGTAACATCATTGGCAACG-3') was homologous to an internal 
sequence of the KanR cassette. Thus with the primer 1 and 2, the reaction amplified a 554bp 
fragment corresponding to the wild-type allele and with primer 1 and 3 a 831bp fragment 
corresponding to the recombined (KanR-disrupted) allele. Amplified DNA fragment were loaded 
on a 1% agarose gel electrophoresis, stained with ethidium bromide and visualized under UV 
illumination.  
 
Southern blotting analysis: genomic DNA was isolated from the YAM1 strain and the W303-
1B strain using FastaDNAPrep kit (Bio101 inc.) according manufacturer's instructions, 10ug of 
DNA of each strain were digested over night by either EcoRI alone, or EcoRI and BglII, 
electrophoresed on 0.8% agarose gels, depurinated with HCL 0.25N and denatured with NaOH 
0.4N, transferred by capillarity-blotting on a positively-charged nitrocellulose membrane (Roche 
Biochemicals) according to manufacturer's protocol. Blots were prehybridized in DIGeasyHyb 
(Roche Bochemicals) for 30 min at 45°C and hybridized over night in the same buffer with 
20ng/ml of digoxigenin-labeled probe (DIG probe). Random primed labeling of agarose gel 
purified PCR fragment (831bp) resulting from the reaction using primer 1 and primer 3 (see 
above) were used to produce DIG probe. Blots were washed twice 5 min in 2x SSPE (20xSSPE 
buffer: 3.6M NaCl, 0.2M NaH2PO4, 20mM EDTA, pH 7.4), 0.1% SDS at room temperature, 
once in 1x SSPE, 0.1% SDS, at 60°C, during 10 min and once in 0.1x SSPE, 0.1% SDS at 60°C 
during 5 min. Immunodetection of DIG-labeled probes was performed as follows: after 
equilibration in Buffer 1 (Maleic acid 0.1M, NaCl 0.15M, pH 7.5) the membrane was then 
incubated for 2 h with Buffer 1 containing 0.5% Blocking reagent (Roche Biochemicals) during 
1 h at room temperature, followed by a 2 h incubation with alkaline phosphatase-coupled anti-
digoxigenin antibodies (Roche Biochemicals) at a dilution of 1:3000 in Buffer 1 containing 0.5% 
Blocking reagent. The excess of antibody was then removed by 2 washes of 15 min in Buffer 1, 
and then the membrane was equilibrated in Buffer 2 (TrisHCl 0.1M, NaCl 0.1M, MgCl2 50mM, 
pH 9.5). Immunocomplexes were revealed by chemiluminescence using the CSPD technique 
(Roche Biochemicals), followed by exposure on X-ray films. 
 
Sporulation rate and Tetrad dissection 
 
Prior to sporulation induction, diploid strains were grown on solid YPD consisting of 1% yeast 
extract, 2% bactopeptone, 2% dextrose, and 2% bacto-agar (omitted in liquid medium), 
restreaked on solid sporulation media consisting of 1% yeast extract, 2% bactopeptone, 1% 
potassium acetate and 2% bacto-agar. Sporulation was induced during 5 days at room 
temperature. A toothpick full of each strain was transferred to a 1.5ml polypropylene tube, 
washed twice in 300 µl H2O by a 5 min centrifugation at 1200g, resuspended in 300 µl of diluted 
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Glusulase (1:50 in H2O, Dupont NEN). Ascus wall digestion was checked visually under the 
light microscope after about 20 min. Tetrads were then dissected on YPD-agar plates using a 
dissecting microscope at 100x magnification. Dissected tetrad were allowed to grow at 30°C 
during 3 days and replicat-plated on selective media. Mating-type was determined as described 
(Sherman, 1986) by replicat-plating haploid colonies on a YPD-agar plate containing tester-
strain YDS32 (MATa) on one half and tester strain YDS32 (MATα) on the other, mating was 
allowed during 5 h at 30°C and the plate was then replicat-plated on solid minimal medium 
(DOB). Mating type was then deduced from surviving colonies. Haploid colonies of mating type 
a (MAT a) were then selected and isolated for subsequent experiments. Sporulation efficiency 
was determined by microscopic examination of >200 cells for each strain after incubation of 12 
days on solid sporulation medium at room temperature. The number of dyads, tetrads, and 
sporulating cells (total of dyads, triads and tetrads) were counted and statistically analysed using 




A single colony of each haploid strain was inoculated in 5ml YPD medium consisting of 1% 
yeast extract, 2% bactopeptone, 2% D-glucose and 2% bacto-agar and allowed to grow over 
night at 30°C under vigorous agitation (210rpm). The next day cell density was determined by 
measuring absorbance of cell suspensions at 600nm (OD600nm) and cultures were diluted 1:10 in 
YPD. Growth was continued for 15 min and OD600nm was remeasured, setting the time 0 (t0). 
Growth rate was monitored by measuring OD600nm every hour during 8 h. Growth curves were 




Proteins were run on SDS-PAGE (12% polyacrylamide) in presence of 2mM EDTA and 
transferred to a nitrocellulose membrane (Roche Biochemicals). The membrane was then washed 
for 3 times over an hour in a solution containing 60mM KCl, 5mM MgCl2, and 19mM 
imidazole-HCl (pH 6.8). The membrane was incubated in the same buffer containing 2mCi/L of 
45CaCl2 for 10min and washed in 50% EtOH for 5 min. The membrane was dried at room 
temperature for 3h and then in a stream of hot air (from a hair drier) for 1 min. Autoradiography 
was performed for 2 days at room temperature. For visualization of the loaded proteins, the 




The assay was performed as described (Westphal et al., 1996, Hama et al., 1999). Briefly, cells 
of each strain were grown overnight in YPD at 30°C, diluted in YPD and grown until an OD600nm 
of 1 was reached. For the assay, 2 ml of each strain were pelleted and resuspended in 2 ml of 
YP+0.1% glucose to induce secretion of invertase. Each sample was split in two equal parts. One 
half was maintained at 30°C while the second was incubated at 37°C for 90 min. The cells were 
then centrifuged and washed with 1 ml of ice cold Na3N 10 mM, pelleted and resuspended in 1 
ml of 0.1 M sodium acetate, pH 4.9. The cell suspension was then separated in two fractions; one 
was assayed directly to analyse the extracellular invertase activity, the other was brought to 1% 
Triton X-100 and frozen 3 times on dry ice to permeabilize the cells, to analyse the total 
invertase activity. The invertase assay was started by adding 20 µl of 0.5 M sucrose to 25 µl of 
cells. After 10 min of incubation at 30°C the reaction was stopped by addition of 100 µl 0.5 M 
potassium phosphate buffer, pH 7, and immediate heating in boiling water during 3 min, cooled 
to 30°C during 1 min. To each sample 500 µl of solution C (see below) was added. After 20 min 
of incubation at 30°C, the reaction was stopped by adding 700 µl of HCl 6 N. OD540nm was 
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measured. Invertase secretion was monitored by a secretory index, which consists of the ratio of 
secreted invertase (extracellular) activity to the total activity (intracellular + extracellular). 
 Solution A: 100 µl of 8.4 mg/ml glucose oxidase (Roche biochemicals), 0.1 mg horse 
radish peroxidase, 900 µl 0.1 M potassium phosphate buffer, pH 7.0. 
 Solution B: o-dianisidine 6mg/ml (Sigma) 
 Solution C: 1ml of solution A + 0.5ml of solution B + 8.5ml of glycerol 45%(v/v). 
 
Protein extracts, SDS-PAGE  
 
Total protein extracts from diploid or haploid strains described in Table 2 were produced as 
follow: cells were grown to mid-log phase in appropriate medium, harvested by a 20 min 
centrifugation at 4°C and 10'000rpm in a Sorvall GSA rotor. Cell pellets were resuspended in a 
minimal amount of storage buffer consisting of phosphate buffered saline (PBS) containing 1.2 
mM CaCl2, 0.5 mM MgCl2, 3 mM 1,4-dithioerythritol (DTT) and protease inhibitors (tablets 
EDTA-free, Roche Biochemicals), and poured in a 60 ml syringe. The cell paste was then 
squeezed out of the syringe directly in a 50 ml polypropylene tube containing liquid nitrogen. 
The resulting frozen cell paste was then reduced to a fine yeast powder using a mortar in 
presence of liquid nitrogen and dissolved in 2 volumes of cold storage buffer supplemented with 
Triton X-100 to a final concentration of 1%. After dissolution of the powder, the resulting yeast 
homogenate was cleared by centrifugation at 12'000g, 4°C during 30 min. The protein 
concentration of the lysate was determined by the Bradford protein assay (Bio-Rad, Hercules, 
CA) using bovine serum albumin (BSA) as a standard. Total protein extracts were then used for 
SDS-PAGE, Western immunoblotting, and GST-pull down experiments.  
 
Western blotting  
 
30µg of total protein was resolved by SDS-PAGE using standard methods. The proteins were 
then transferred to PVDF membranes by electroblotting according to the manufacturer directives 
(Novex), and processed for immunodetection. PVDF membranes were incubated at room 
temperature for 30 min in Blocking buffer (PBS containing 5% non-fat milk and 0.05% Tween 
20), then at room temperature for 2 h with a rabbit specific anti-CeNCS-1 polyclonal antibody 
#463 (P. Nef, unpublished) diluted 1:500 in Blocking buffer. The immune complex was revealed 
by chemiluminescence according to manufacturer’s protocol (ECL system, Amersham). 
 
Production of recombinant GST-fusion proteins 
 
Transformed E.coli SURE2 (Stratagene) strains were grown in 1.5 L of LB containing 100 µg/ml 
ampiciline at 37°C until a OD600nm of 0.5 was reached, protein expression was induced with 
isopropyl-β-D-thiogalactopyranoside (IPTG) with a final concentration of 1mM and continuation 
of growth was allowed for 3 h at 37°C, under vigorous shaking (210rpm). Cells were then 
harvested by a 20 min centrifugation at 4°C and 10'000rpm in a Sorvall GSA rotor. The pellet 
was then frozen in liquid nitrogen, allowed to thaw and sonicated 2 times 2 min (at 10 Watts) on 
ice using a Vibracell sonicator (Sonics&Materials inc.). Homogenates were then cleared by a 30 
min centrifugation at 12'000g. Recombinant GST-fusion proteins were then isolated by 
incubating lysates with 2.5ml of gluthathione-coated agarose beads (Pharmacia) 50% (vol/vol) in 
PBS, 5mM DTT, 1% Triton X-100, protease inhibitors during 1 h at 4°C under slow agitation. 
Beads were then pelleted and washed 2x in 5 volumes of the same buffer, and 2x in PBS, 5mM 
DTT, protease inhibitors. Beads were then resuspended in 1 volume (2.5ml) of PBS with 




GST-pull down assay 
 
300 mg of total protein extracts from the heterozygote null-mutant strain yencs1∆::KanR/yeNCS-
1 were incubated during 1 h at 4°C under slow agitation with gluthathione-coated agarose beads 
50% (vol/vol) PBS, 1.2mM CaCl2, 0.5mM MgCl2, 3mM DTT, protease inhibitors in a total 
volume of 60ml in order to remove unspecific binding of proteins from the extract with the 
glutathione beads. Beads were centrifuged at 1500rpm during 5 min at 4°C and the precleaned 
extract was then divided in 4 equal parts of 15ml. 2ml of each recombinant GST-fusion protein 
linked on beads was then added to yeast protein extract aliquots, incubated for 1 h at 4°C under 
slow agitation, then washed 3x in PBS, 1.2mM CaCl2, 0.5mM MgCl2, 3mM DTT, protease 
inhibitors with a centrifugation of 1500rpm during 5 min at 4°C after each wash. GST-fusion 
proteins were then eluted 2 times from the beads with 300ul and 1ml respectively of elution 
buffer consisting of 5mM glutathione, 50mM TrisHCl, pH 8.0, by incubation on ice during 2x 1 
h. Protein concentration on the beads was calculated using the Bradford assay, with BSA as 
standard. Eluates were pooled without removing the beads, proteins were then precipitated on ice 
in trichloroacetic acid at a final concentration of 20% during 1 h. Precipitated proteins were then 
pelleted by a 12'000g centrifugation at 4°C during 10 min and resuspended in sample buffer for 
2D gel electrophoresis; pH was adjusted with Tris 1M, pH 11 if necessary. 
 
2D gel electrophoresis 
 
A total of 1 mg of proteins was resuspended in sample buffer consisting of 40 mM Tris, 7 M 
urea, 2 mM thiourea, 4% CHAPS, 10 mM DTT, 1 mM EDTA and protease inhibitors 
(Complete, Roche Biochemicals) for a maximal final volume of 200 µl and loaded on the first 
dimension. Samples were applied on immobilized non-linear gradient strips in sample cups at 
their basic and acidic ends (Immobiline Dry Strip pH 3-10 NL, 18 cm, Amersham Pharmacia 
Biotech). Focusing started at 200 V and the voltage was gradually increased to 5000 V (rise: 2 
V/min) and kept at 5000 V for 24 h (approximately 180'000 kVh totally). The second dimension 
separation was performed on a 9-16% SDS-polyacrylamide gel. The gels (180 x 200 x 1.5 mm) 
were run at 40 mA per gel, in an ISO-DALT apparatus (Hoefer-Scientific Instruments), 
accommodating 10 gels. Gels were then stained with Coomassie blue (Colloidal blue stain, 
Novex), two times over-night and washed in double distilled water for 2 h. Gels were scanned in 
an Agfa DUOSCAN densitometer (resolution 200), images were recorded using Photoshop 
software and spots were outlined using the ImageMaster 2D Elite software (Amersham). 
 
Mass spectrometer analysis 
 
MALDI-TOF MS analysis was performed as described elsewhere (Fountoulakis and Langen, 
1997) with some modifications. The spots were picked either by hand using a clean plastic 
pipette or with an automatic spot-picker and placed into a 96-well microtiter plate. Each spot was 
destained during 30 min with 100 µl of 30% acetonitril and 100 mM ammonium bicarbonate. 
Salts were removed by a brief wash in 100 µl H2O during 10 min and spots were dried in a 
speed-vac evaporator. Each gel piece was rehydrated and peptides digested with 5 µl of 3mM 
Tris-HCl, pH 9.0, and containing 20 µg/ml of Trypsin (Promega). After 16 h incubation at RT, 
12 µl of H20 and 7 µl of 50% acetonitril containing the standard peptides des-arg-bradikinin (10 
pmol/µl, mass = 904.4681Da, Sigma) and adrenocorticotropic hormone fragment 18-39 (40 
pmol/µl, mass = 2465.1989 Da, Sigma) were added to each spot and shaked for 10 min. 2 µl of 
each peptide mixture was simultaneously applied with 5 µl of matrix consisting of a saturated 
solution of a-cyano-4-hydroxycinnamic acid in 50% acetonitril containing 0.1% trifluoroacetic 
acid. Air-dried spots were analysed in a time-of-flight mass spectrometer (Reflex 3; Brucker 
Analytics). An accelerating voltage of 20 kV was used. Peptide matching and protein searches 
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were performed automatically using in-house developed software (F. Hoffmann-La Roche Ltd.). 
The peptide masses were compared to the theoretical peptide masses of all available proteins 
from all species. Monoisotopic masses were used. Four matching peptides was the minimal 







Part 1: Results 
 
 
Disruption of the yeast NCS-1 gene is lethal 
 
Using polymerase chain reaction (PCR) technique, we isolated the 573 base pairs-long 
YDR373w open reading frame, which encodes the Saccharomyces cerevisiae NCS-1 (yeNCS-1), 
flanked by 633bp of the 5’untranslated region (5'UTR) corresponding to the putative promoter 
region, and 174bp of the 3’UTR (Fig. 12).  
 
Figure 12. Genomic sequence of the S. cerevisiae YDR373w open reading frame corresponding to the yeNCS-1 
gene (upper case) with flanking 5'UTR and 3'UTR (lower case), and amino acid sequence of yeNCS-1 protein, start 
and stop codons are indicated, EF-hands 1, 2, 3, and 4 are marked with red, and conserved aspartate residues 
implicated in the Ca2+-binding are highlighted in blue.  
 
         gcggatccgttgtaaagtagacatgatttttgctttgtatttttttagatagtttttgtt 
       1 ---------+---------+---------+---------+---------+---------+ 60 
         cgcctaggcaacatttcatctgtactaaaaacgaaacataaaaaaatctatcaaaaacaa 
 
 
         tgaattcttttacgttatcagatcaaaagttgtaatgaaaatatagccaacaatgaaact 
      61 ---------+---------+---------+---------+---------+---------+ 120 
         acttaagaaaatgcaatagtctagttttcaacattacttttatatcggttgttactttga 
 
 
         gctaatttagctctatttgttagcgtggaaatttgaaatttatttttaatctataaatgc 
     121 ---------+---------+---------+---------+---------+---------+ 180 
         cgattaaatcgagataaacaatcgcacctttaaactttaaataaaaattagatatttacg 
  
  
         agcagcccaaaccgaaacaaaagaataagtgagttgaacagagtaagcaacgggccgata 
     181 ---------+---------+---------+---------+---------+---------+ 240 
         tcgtcgggtttggctttgttttcttattcactcaacttgtctcattcgttgcccggctat 
  
  
         tagaactgaaaaagtcaacgtacccagaaagcaattaactgcgacacaaatagatgtcaa 
     241 ---------+---------+---------+---------+---------+---------+ 300 
         atcttgactttttcagttgcatgggtctttcgttaattgacgctgtgtttatctacagtt 
  
  
         tgtccaaaaaggatagataaacaagattacgatccaaggcagggatctaattgtttttag 
     301 ---------+---------+---------+---------+---------+---------+ 360 
         acaggtttttcctatctatttgttctaatgctaggttccgtccctagattaacaaaaatc 
  
  
         gtaaatgcgtacccattagcctctttttttcagtagtagttgactgctcaggaagtaaaa 
     361 ---------+---------+---------+---------+---------+---------+ 420 
         catttacgcatgggtaatcggagaaaaaaagtcatcatcaactgacgagtccttcatttt 
  
  
         aaatgagccagaattgatcattaaaaacgaaaaaagggtaactcttcggtgtatttttta 
     421 ---------+---------+---------+---------+---------+---------+ 480 
         tttactcggtcttaactagtaatttttgcttttttcccattgagaagccacataaaaaat 
  
  
         ttattataccatagagtactgaaataatgtttaatttgtcaacgattgaactgatgaact 
     481 ---------+---------+---------+---------+---------+---------+ 540 




         agggatattacctcctgttttataattgttgctagtttaagaatcggcgagagttatttt 
     541 ---------+---------+---------+---------+---------+---------+ 600 
         tccctataatggaggacaaaatattaacaacgatcaaattcttagccgctctcaataaaa 
  
                                         START 
         gtgcttgaaaactgtttttgattcaaaaaaaaaATGGGAGCCAAGACGTCAAAGCTTTCC 
     601 ---------+---------+---------+---------+---------+---------+ 660 
         cacgaacttttgacaaaaactaagtttttttttTACCCTCGGTTCTGCAGTTTCGAAAGG 
  
              5'UTR                    M  G  A  K  T  S  K  L  S   - 
  
         AAAGATGACCTGACATGTTTGAAACAATCCACCTATTTTGATAGAAGAGAAATCCAGCAA 
     661 ---------+---------+---------+---------+---------+---------+ 720 
         TTTCTACTGGACTGTACAAACTTTGTTAGGTGGATAAAACTATCTTCTCTTTAGGTCGTT 
  
         K  D  D  L  T  C  L  K  Q  S  T  Y  F  D  R  R  E  I  Q  Q   - 
  
          
         TGGCATAAAGGATTTTTGAGGGATTGCCCTAGTGGCCAACTAGCTAGGGAAGATTTTGTT 
     721 ---------+---------+---------+---------+---------+---------+ 780 
         ACCGTATTTCCTAAAAACTCCCTAACGGGATCACCGGTTGATCGATCCCTTCTAAAACAA 
                           ===================================================== 
         W  H  K  G  F  L  R  D  C  P  S  G  Q  L  A  R  E  D  F  V   -  
  
         AAGATATACAAACAGTTTTTTCCATTTGGTTCTCCTGAAGATTTTGCTAATCACCTTTTT 
     781 ---------+---------+---------+---------+---------+---------+ 840 
         TTCTATATGTTTGTCAAAAAAGGTAAACCAAGAGGACTTCTAAAACGATTAGTGGAAAAA 
  
         K  I  Y  K  Q  F  F  P  F  G  S  P  E  D  F  A  N  H  L  F   - 
  
         ACAGTTTTTGATAAAGACAACAATGGATTCATACATTTTGAAGAGTTTATCACAGTTTTG 
     841 ---------+---------+---------+---------+---------+---------+ 900 
         TGTCAAAAACTATTTCTGTTGTTACCTAAGTATGTAAAACTTCTCAAATAGTGTCAAAAC 
                  ===================================================== 
         T  V  F  D  K  D  N  N  G  F  I  H  F  E  E  F  I  T  V  L   - 
  
         AGTACAACGTCCAGAGGAACTTTGGAGGAAAAACTGAGCTGGGCTTTCGAACTTTATGAT 
     901 ---------+---------+---------+---------+---------+---------+ 960 
         TCATGTTGCAGGTCTCCTTGAAACCTCCTTTTTGACTCGACCCGAAAGCTTGAAATACTA 
                                                                  === 
         S  T  T  S  R  G  T  L  E  E  K  L  S  W  A  F  E  L  Y  D   - 
  
         TTGAACCATGATGGATATATTACATTTGATGAAATGCTAACCATTGTGGCGAGTGTTTAT 
     961 ---------+---------+---------+---------+---------+---------+ 1020 
         AACTTGGTACTACCTATATAATGTAAACTACTTTACGATTGGTAACACCGCTCACAAATA 
        ================================================== 
         L  N  H  D  G  Y  I  T  F  D  E  M  L  T  I  V  A  S  V  Y   - 
  
         AAAATGATGGGGTCTATGGTTACACTTAATGAGGATGAGGCAACGCCCGAAATGAGGGTA 
    1021 ---------+---------+---------+---------+---------+---------+ 1080 
         TTTTACTACCCCAGATACCAATGTGAATTACTCCTACTCCGTTGCGGGCTTTACTCCCAT 
  
         K  M  M  G  S  M  V  T  L  N  E  D  E  A  T  P  E  M  R  V   - 
  
         AAGAAGATCTTCAAGTTGATGGATAAGAACGAAGATGGTTACATTACGCTGGACGAATTC 
    1081 ---------+---------+---------+---------+---------+---------+ 1140 
         TTCTTCTAGAAGTTCAACTACCTATTCTTGCTTCTACCAATGTAATGCGACCTGCTTAAG 
                              ===================================================== 
         K  K  I  F  K  L  M  D  K  N  E  D  G  Y  I  T  L  D  E  F   - 
  
         AGAGAAGGTTCTAAAGTCGATCCCTCTATTATTGGTGCCTTAAACCTTTACGATGGCTTA 
  41
    1141 ---------+---------+---------+---------+---------+---------+ 1200 
         TCTCTTCCAAGATTTCAGCTAGGGAGATAATAACCACGGAATTTGGAAATGCTACCGAAT 
  
         R  E  G  S  K  V  D  P  S  I  I  G  A  L  N  L  Y  D  G  L   - 
  
         ATATGAaaactttgtttttgcttcttatggattggatgttataacagtagaagtaatttt 
    1201 ---------+---------+---------+---------+---------+---------+ 1260 
         TATACTtttgaaacaaaaacgaagaatacctaacctacaatattgtcatcttcattaaaa 
  
         I  *STOP                       3'UTR                     
  
         aggataattttaaataaaaataatattaaaaataataataatactaataataaatgagaa 
    1261 ---------+---------+---------+---------+---------+---------+ 1320 
         tcctattaaaatttatttttattataatttttattattattatgattattatttactctt 
  
  
         taaaatgttgataaatgagggataaggtctattcatacgtctcatccggatcctgcagtt 
    1321 ---------+---------+---------+---------+---------+---------+ 1380 
         attttacaactatttactccctattccagataagtatgcagagtaggcctaggacgtcaa 
  
 
We constructed a gene disruption plasmid that, upon linearization, transformation into W303-1B 
strain and a homologous recombination event, introduced a null mutant allele (yencs1∆::KanR) in 
which the whole yeNCS-1 coding sequence is replaced by a selectable marker, a Kanamycine 
resistance cassette. PCR screening and Southern Blot analysis of Kanamycine resistant colonies 
identified several positive clones (Fig. 13). Suggesting that the homologous recombination 
removed the expected region spanning from 19bp before the start codon through the whole 

























Figure 13.  (A) Schematic representation of the linearized gene disruption construct corresponding to the KanR 
gene flanked by the 5’ and 3’UTR of yeNCS-1. P1, P2 and P3 are the PCR primers used for genotyping WT or 
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resistant colonies (lanes 1, 2, 3, 4 and 5). PCR reactions were run on a 1% Agarose-TBE gel containing ethidium 
bromide, visualized under UV illumination. The first lane on the right is the DNA molecular weight (MW) marker; 
relevant MW are indicated. WT is the control strain W303-1B that is the wild-type strain with no mutated allele, and 
lane 1 to 5 are heterozygous recombinant strains (yencs1∆::KanR/yeNCS-1) with the expected sizes for each allele as 
indicated. (C) Southern blot analysis of genomic DNA extracted from diploid WT (Lane WT) strain and the 
heterozygous yencs1∆::KanR / yeNCS-1 strain (Lane yencs1∆, corresponding to the strain in lane 1 in B), restriction 
enzyme digested by EcoRI (E) and EcoRI/BglII (E/B), electrophoresed and transferred on a nitrocellulose 
membrane. Hybridization was performed using a random primed digoxigenin-labeled probe corresponding to the 
region overlapping part of yeNCS-1 5'UTR and part of Kanamycine resistant cassette resulting from the PCR 
amplification of the yencs1∆::KanR / yeNCS-1 allele with primers P1 and P3 (see experimental procedures). The 
probe hybridized following DNA fragments lengths: 1073 bp (E) and 1021 bp (E/B) for the WT allele; 2002 bp (E) 
and 1486 bp and 553 bp (E/B) for the yencs1∆::KanR allele. Due to the high background of this technique the 553 bp 
fragment is not visible. Relevant sized are indicated. 
 
 
The resulting heterozygous strain yencs1∆::KanR / yeNCS-1 named YAM1 (Table 2) was 
sporulated and 40 tetrads in total were dissected. Interestingly, from each ascus only 2 spores 
survived (Fig. 14.A), indicating that the deletion of the yeNCS-1 gene is lethal. Southern blot 
analysis confirmed that YAM1 contained both the yencs1∆::KanR and the WT allele (Fig. 13.C). 
Observation under the light microscope of the unviable spores revealed that they were able to 
germinate but stopped growth after very few divisions. These observations suggest that yeNCS-1 















Figure 14. Frequenin is essential for growth. (A) Diploid heterozygous strain yencs1∆::KanR/yeNCS-1 (YAM1) 
was sporulated, ascii were glusulase-treated and dissected, the 4 spores labelled A, B, C, D of each tetrad were then 
deposed in a row (here each tetrad is horizontally numbered from 1 to 5) on a YPD-agar plate and growth was 
allowed during 2 days at 30°C. Only 2 out of 4 spores yielded healthy colonies indicating that disruption of the 
yeNCS-1 gene is lethal. Rescue of the inviability of yencs1∆::KanR  spores by yeNCS-1 WT, loss of function mutant 
yeNCS-1(2D-A), or huNCS-1 expressed from a multicopy 2µm vector YEp352 (B) or low copy CEN vector 
YCplac33 (C). Vector without insert did not rescue the lethal phenotype.  
 
 
Human NCS-1 can substitute for yeast NCS-1 
 
We next transformed YAM1 with a URA3-marked 2µm multicopy vector carrying the wild-type 
(WT) yeNCS-1 (Yep352yeNCS-1) and dissected sporulated cells. All tetrads gave rise to four 
viable spores (Fig. 14) indicating a succesfull rescue of yencs1∆ spores inviability. Using the 
same plasmid vector but carrying the human NCS-1 cDNA (Yep352huNCS-1), we tested 
whether vertebrate NCS-1 could rescue the lethal phenotype of yencs1∆ spores. Indeed, huNCS-
1 expressing spores were able to grow (Fig. 14.B and C) even when replicat-plated on medium 











































the vertebrate NCS-1 protein is able to substitute for yeast NCS-1, indicating an evolutionary 
conserved function of NCS-1. 
 
Is calcium required for yeNCS-1’s function ? 
 
Based on the observation made by Putkey et al. (1989) (Putkey et al., 1989), that changing the 
aspartate residue at position 1 of the second loop of cardiac tropinin C unabled that loop to bind 
Ca2+, we constructed yeNCS-1 point-mutants by site-directed mutagenesis, that were unable to 
coordinate Ca2+ by replacing either the crucial aspartate residue by an alanine residue in the EF-
hands 3 and 4 at positions D109A for EF3, D157A for EF4 yielding the double mutant yeNCS-
1(2D-A) as depicted in Figure 15.A. To confirm that disrupting EF3 and EF4 resulted in a loss of 
the Ca2+-binding function of yeNCS-1, we inserted the WT or the mutated yeNCS-1(2D-A) 
cDNA sequence in an inducible expression vector (pGEX-6-P3) yielding recombinant 
glutathione S-transferase (GST)-yeNCS-1 fusion proteins. Radioactive 45Ca2+-overlay 
experiment suggested that the GST-yeNCS-1(2D-A) proteins were no more able to bind Ca2+ 
(Fig. 15.B and C) as compared to the WT GST-yeNCS-1. Western blot verified the 
























Figure 15.  Loss of function mutant of yeNCS-1. (A) Schematic representation of yeNCS-1with the four EF-
hands (EF1, EF2, EF3 and EF4). Numbering starts at the methionine residue. The first EF-hand cannot bind Ca2+. 
Degenerated residue are highlighted in red (R36, C38 and P39). In EF2, EF3, and EF4 coordination of Ca2+ ions is 
symbolized by thin lines. Residues that are substituted in the loss of function mutant yeNCS-1(2D-A) are marked 
with an asterisk (D109A and D157A). (B) 45Ca2+-overlay experiment. Autoradiography shows that CaM and GST-
yeNCS-1 could bind Ca2+, whereas bovine serum albumin (BSA), GST alone and GST-yeNCS-1(2D-A) did not, 
indicating that mutating EF3 and EF4 was sufficient to disrupt Ca2+-binding function of yeNCS-1. Relevant 
molecular weights are indicated. (C) Ponceau S red staining of the membrane shows all the loaded proteins. (D) 
Western blotting of purified GST-fusion proteins, GST-yeNCS-1, GST alone, and GTS-yeNCS-1(2D-A) using a 
polyclonal anti-CeNCS-1 antibody (see experimental procedures). 
 
Is the essential function of yeNCS-1 Ca2+ dependent? Atempting to answer this question, we 



















































































































































































































vector (yeNCS-1(2D-A)), which was then used to transform yencs1∆::KanR/yeNCS-1 strain. 
Sporulated cells were then dissected. All ascii gave rise to four viable spores (Fig. 14.B and C) 
indicating a successful rescue of yencs1∆ spores inviability and that the essential function of 
yeNCS-1 is likely not requiring Ca2+ signaling. Furthermore, the haploid strain having only the 
loss of function copy of yeNCS-1 (yeNCS-1(2D-A)), grew at a rate comparable either to the WT 
strain with or without plasmid vector, or to the strain carrying the huNCS-1 (Fig. 16). Normal 
viability was also observed at 37°C (Fig. 17). The heterozygous strain yencs1∆::KanR/yeNCS-1 
seemed to grow normally too, despite the fact of having one copy less of the yeNCS-1 gene (Fig. 
16 and 17). Taken together these results, suggested that the growth function is not requiring Ca2+ 














Figure 16. Growth of yeast strains relying on the loss of function mutant yeNCS-1(2D-A) or on huNCS-1 
compared with the growth of a wild-type strain. The growth rate of the strains in YPD medium at 30°C was 
measured following increase of optical density at 600nm (OD600nm). A representative set is shown here. The mean 
generation time ± standard deviation were 115 ± 7 min and 109 ± 9 min for diploid strains WT W303-1B and 
yencs1∆::KanR/yeNCS-1 respectively, and 111 ± 2 min, 111 ± 4 min, 115 ± 6 min, 121 ± 10 min for haploid strains 
yencs1∆::KanR(Yep352yeNCS-1), yencs1∆::KanR(Yep352huNCS-1), yencs1∆::KanR(Yep352yeNCS-1(2D-A)) and 

















Figure 17. Photographies of restreaked haploid strains on URA3- plates, grown at 30°C and 37°C as indicated. 
The numbers in the legend on the left corresponds to strains yencs1∆::KanR(YEp352yeNCS-1) (1), 
yencs1∆::KanR(YEp352yeNCS-1(2D-A)) (2), yencs1∆::KanR(YEp352huNCS-1) (3), YAM7 (wild-type W303-B 
with empty vector YEp352) (4), wild type strain W303-1B Mata (5), yencs1∆::KanR(Ycplac33yeNCS-1) (6), 
yencs1∆::KanR(Ycplac33yeNCS-1(2D-A)) (7), yencs1∆::KanR(YEp352huNCS-1) (8), YAM13 (wild-type W303-B 













































Takeda et al.(Takeda et al., 1989) showed that Ca2+ signaling played also an important role in 
sporulation of the fission yeast Saccharomyces pombe. They demonstrated that when reducing 
the level of expression of the EF-hand Ca2+-binding protein CaM, the sporulation efficiency 
diminished drastically. Therefore, wondering if yeNCS-1 could play a role in any key 
mechanism of spore formation, we compared the efficiency of sporulation in the diploid WT 
strain or the heterozygous strain YAM1 (yencs1∆::KanR/yeNCS-1) transformed or not by the 
yeNCS-1(2D-A) mutant, or huNCS-1. There was no significative sporulation deficiency neither in 
YAM1 nor in the yeNCS-1(2D-A) mutant strain (Fig. 18 and Table 3). However, a weak 
deficiency was observed with the huNCS-1 strain that had only 21% ± 4.4% of the cells that 
sporulated. Therefore, Ca2+ regulation through yeNCS-1 is apparently not necessary for 























Figure 18. Sporulation efficiency of diploid strains as compared to the wild type strain W303-B (WT). A total 
number of 155, 209, 456, 316 and 253 cells for the strains W303-B (WT), yencs1∆::KanR/yeNCS-1 (KO (+/-)), 
yencs1∆::KanR(YEp352yeNCS-1) (K0/WT), yencs1∆::KanR(YEp352yeNCS-1(2D-A)) (KO/2D-A)and 
yencs1∆::KanR(YEp352huNCS-1) (KO/huNCS-1) respectively were analyzed. Histogrammes represent the average 
of n = 4 experiments +/- standard deviation. Student t test between the wild type strain and 
yencs1∆::KanR(YEp352huNCS-1) revealed a weak deficit in sporulation for the yencs1∆::KanR(YEp352huNCS-1) 
strain (* : P < 0.05). 
 
A standard assay for secretory proficiency in S. cerevisiae is the release of extracellular the 
enzyme β-D-fructofuranoside-fructohydrolase (SUC2 gene product), commonly known as 
invertase (Goldstein and Lampen, 1975), that measures the ratio of secreted invertase 
(extracellular) activity versus the total activity (extra- + intracellular), thus providing a secretory 
index. The same assay was used to assign a role in secretion for PIK1 a proposed interacting 
partner of yeNCS-1 (Hama et al., 1999). This index is the reflection of the secretory capacity of 
the cells, because blocks in secretion results in lower secretory indices. Hence, we compared the 
amount of secreted invertase either by diploid WT strain W303-B to YAM1 strains 
(yencs1∆::KanR/yeNCS-1) (Fig. 19.A), or the haploid yencs1∆::KanR(YEp352yeNCS-1(2D-A)) 
mutant strains and the at either 30°C or 37°C (Fig. 19.B). Similar levels of total activity ruled out 
Table 3.         Sporulation efficiency
Strain % of cells that sporulate % of dyads % of triads or tetrads
WT (W303-B) 38% 7% 93%
yencs1 ∆::KanR / yeNCS-1 32% 10% 90%
yencs1 ∆::KanR / (YEp352yeNCS-1) 34% 6% 94%
yencs1 ∆::KanR / (YEp352yeNCS-1 (2D-A )) 29% 5% 95%
yencs1 ∆::KanR / (YEp352huNCS-1 ) 21% 13% 87%
Diploid Strains were sporulated as described in experimental procedure. Percent sporulation efficiency was determined 

































the possibility that any modification of secreted invertase is only the consequence of a lower rate 





















Figure 19. Invertase secretion. Liquid cultures of yeast strains were grown to OD600nm ~=0.8 at 30°C and 
resuspended in low glucose medium to induce invertase secretion (A) Diploid WT strain W303-1B compared to 
heterozygous (KO (+/-)) yencs1∆::KanR / yeNCS-1. (B and C) For each haploid strain, liquid cultures were divided 
in two equal parts, one half was maintained at 30°C and the other half was incubated at 37°C for 1 hr before the 
assay as described in experimental procedures. WT or mutant alleles are carried by (B) a multicopy 2µm vector 
YEp352 or (C) a CEN low copy vector Ycplac33 as indicated. Error bars represent standard deviations of n = 2 
experiments. 
WT / vector:  haploid wild-type strain W303-1B Mat a carrying the empty vector,  
KO / WT:  haploid strain yencs1∆::KanR /( indicated vector (yeNCS-1)), 
KO / 2D-A:  haploid strain yencs1∆::KanR /( indicated vector (yeNCS-1(2D-A)),  
 
 
At both tested temperatures, diploid YAM1 strains (yencs1∆::KanR/yeNCS-1) displayed 
secretory indices indistinguishable from the otherwise isogenic WT strain (Fig. 19.A). Similarly, 
haploid strains lacking the WT allele of yeNSCS-1 but expressing the yeNCS-1(2D-A) mutant 
had also equivalent secretory indices (Fig.19.B). These results suggest that yeNCS-1-mediated 
Ca2+-signaling is not required in the secretion of invertase. 
 
What is the target of yeNCS-1 ? 
 
In order to identify a putative target of yeNCS-1 other than PIK1, as well as to verify the 
physical interaction between yeNCS-1 and PIK1, we took advantage of the fact that the 
Saccharomyces cerevisiae genome has been fully sequenced thus providing a database of about 
6000 open-reading frame (ORF) (available on http://genome-
www.stanford.edu/Saccharomyces/). We designed a GST-pull down experiment as follows: we 
produced recombinant GST-yeNCS-1, GST-yeNCS-1(2D-A)-fusion proteins (and GST alone) 
starting with a bacterial culture transformed by the plasmidic construction encoding for the 
fusion proteins described and in the experimental procedures section namely pGEX-6-P3 (empty 
vector for the control: GST alone) pGEX-6-P3yeNCS-1, pGEX-6-P3yeNCS-1(2D-A) 
respectively. Upon IPTG induction, cells were harvested and lysed, and the GST-fusion proteins 





























































































proteins were then resuspended in PBS buffer and analysed by gel electrophoresis as described 

















Figure 20. Recombinant GST, GST-yeNCS-1 and GST-yeNCS-1(2D-A) proteins. Coomassie stained SDS-
PAGE showing different steps in the purification of recombinant proteins. (A) Control of induction. 1ml of IPTG-
induced (+) or not induced (-) baterial cultures were recolted, boiled and separated by SDS-PAGE electrophoresis. 
Strong staining was observed at the expected sizes as indicated (GST 28.3kDa, GST-yeNCS-1 and GST-yeNCS-
1(2D-A) 48.7kDa), relevant protein sizes are indicated by a molecular weight marker M. (B) Equivalent amounts of 
fusion proteins linked to glutathione coated agarose beads after the washing steps (see experimental procedure). 
 
 
Each of the fusion protein was then incubated in presence of 1.2 mM CaCl2 with a total protein 
extract of the heterozygous yencs1∆::KanR/yeNCS-1, washed, eluted and subsequently analyzed. 
During this incubation a putative target of yeNCS-1 would be pulled-down by the bead-linked 
GST-fusion proteins. If this interaction is Ca2+-dependent, then we would expect to recover this 
target bound to the WT GST-yeNCS-1 and not to the mutated form GST-(2D-A) (Fig. 21).  
 
To identify the proteins that interacted with the GST-fusion proteins in the GST-pull down assay, 
we decided to separate GST-fusion proteins/target complexes on a high-resolution bi-
dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (2D SDS-PAGE). The 
first dimension, separating the proteins according to their isoelectric point, was performed using 
a large pH spectrum (pH 3 to 10). The second dimension, separating proteins according to their 
relative size, was run in a 9-16% polyacrylamide gradient SDS-PAGE. Each gel was then 
Coomassie stained, and each visible protein spot was then picked out of the gel and transferred to 
a 96 well plate where proteolytic digestion by Trypsin was performed. Trypsin hydrolyses 
peptide bonds at the carboxy-terminus side of arginine and lysine residues. Thus, each protein, 
when digested by Trypsin, yields a specific mixture of peptides which is a fingerprint that allows 
us to identify a single particular protein among thousands of others. Each trypsinized protein spot 
from each GST-pull down was then analyzed by Matrix-assisted laser desorption ionization time 
of flight mass spectrometry (MALDI-TOF MS, see experimental procedure). In this technique, 
the peptide digests are deposed on a layer of explosive material (Nitrocellulose) on a metal plate. 
A 369nm laser-beam ignites the explosion resulting in the ejection of the peptide mixture. 
Peptides with lower molecular mass fly faster and further than the high molecular weighted, thus 
each single peptide is separated and can be detected and analyzed by a 500MHz mass-
spectrometer. The peptide mass-spectrum (or fingerprint) of each protein sample can then be 
compared with a virtual database of predicted peptides mass-spectra (or fingerprint) of in silico 


































































































Figure 21. Schematic representation of the GST pull-down assay. The purified recombinant GST fusion proteins 
(green: GST; yellow: yeNCS-1 fused to GST; red: yeNCS-1(2D-A) fused to GST) are coupled to glutathione-
agarose beads (black circles) incubated with total yeast protein extract. Unbound proteins are wash and GST fusion 
protein complexed with yeast proteins (dark blue) are eluted from the beads, separated on a bidimensional SDS-
PAGE and Coomassie-stained protein spots are picked out of the gel and analysed by MALDI-TOF MS (see text 
and experimental procedures). 
 
 
In a first pull-down experiment, we visualized 32 and 44 proteins spots on the coomassie-stained 
2D gels using GST-yeNCS-1 and GST–yeNCS-1(2D-A) fusion proteins respectively. None of 
this spots could be identified with by MALDI-TOF MS. Since the amount of protein present in 
each spot on the 2D gel seemed crucial, we increased the amount of total yeast protein extract as 
well as the amount of GST fusion proteins, starting with a 1.5L bacterial culture for the 
production of recombinant GST fusion proteins and 3L of yeast culture. 
 
In the second attempt, we first analysed the purified fusion proteins GST, GST-yeNCS-1, and 
GST-yeNCS-1(2D-A) without incubation in presence of yeast total protein extract. Out of 69 
(GST, Fig. 22.B), 289 (GST-yeNCS-1, Fig 22.C) and 73 (GST-yeNCS-1(2D-A), Fig. 22.D) 
protein spots that were analysed, 4, 5 and 6 spots respectively could be identified by MALDI-
TOF MS (Fig. 22.B, C and D and Table 4.B, C and D) including GST and yeNCS-1. The other 
identified proteins were either related to GST or from other bacterial origin, likely to be residual 
proteins that could not be washed away during the purification steps of the GST fusion proteins. 
We also analysed the total yeast protein extract (Fig. 22.A and Table 4.1). Among 676 protein 
spots visualized on the coomassie-stained 2D gel, we identified 103 proteins among which 
neither yeNCS-1 nor its putative target PIK1 could be found (Fig. 22.A and Table 4.1).  
 
Finally, we analysed the protein spots resulting from the GST-pull down assay. 385 protein spots 
could be visualized on the 2D gel resulting from the pull-down using GST alone. Unfortunately, 
for technical and computer software problems, the data for this particular experiment were not 
available. 
 
In the pull-down assay using GST-yeNCS-1, 483 spots were isolated and analysed, among which 
only 6 could be identified (Fig. 22.E and Table 4.E). GST, PIK1 and yeNCS-1 could not be 
found. When using GST-yeNCS-1(2D-A) for the pull-down, we could visualize 383 protein 




























383 spots, 101 could be identified including yeNCS-1. However, PIK1 and GST alone could not 
be identified (Fig. 22.F and Table 4.F).  
 
Figure 22. Photographies of Coomassie-stained 2D SDS-PAGE from the GST pull-down experiment. (A) Total 
yeast protein extract. Without prior incubation with yeast extract, glutathione beads-coupled GST fusion protein 
were loaded on the gel: GST alone (B); GST yeNCS-1 alone (C) and GST yeNCS-1(2D-A) alone (D). Following 
incubation with total yeast protein extract, washing and elution steps, glutathione beads coupled to GST fusion 
protein were loaded on the 2D gel: GST yeNCS-1 (E) and GST yeNCS-1(2D-A) (F). The numbers correspond to 
peptides described in Table 4. In B, C, D and E, identified proteins are labeled in blue. In F, only the spot 
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Table 4.A          Identified proteins in the yeast total protein extract
Protein Accession # Full name and Description
YEASTGP:SSA1 SSA1 Heat shock protein of HSP70 family, cytoplasmic 4.83 69895 11 3
YEASTGP:SSA2 SSA2 Member of 70 kDa heat shock protein family 4.78 69598 12 3
YEASTGP:PDI1 PDI1 Protein disulfide isomerase 4.22 58532 5 4
YEASTGP:KRS1 KRS1 Lysyl-tRNA synthetase 6.05 68428 5 6
YEASTGP:VAS1 VAS1 Mitochondrial and cytoplasmic valyl-tRNAsynthetase 6.95 126432 14 11
YEASTGP:PDR13 PDR13 Hsp70 Protein 4.97 62261 9 17
YEASTGP:HSP60 HSP60 Mitochondrial chaperonin, homolog of E. coligroEL protein 5.06 60999 8 18
YEASTGP:KAR2 KAR2 Homologue of mammalian BiP(GPR78);member of the HSP70 gene family 4.63 74479 16 24
YEASTGP:HSP82 HSP82 82 kDa heat shock protein; homolog of mammalianHsp90 4.66 81356 10 26
YEASTGP:CDC48 CDC48 Microsomal ATPase 4.66 92166 8 27
YEASTGP:ADE6 ADE6 5'-phosphoribosylformyl glycinamidinesynthetase 5.03 150065 14 32
YEASTGP:VMA2 VMA2 Vacuolar ATPase V1 domain subunit B (60 kDa) 4.79 57770 11 44
YEASTGP:HSC82 HSC82 Constitutively expressed heat shock protein 4.6 80849 11 50
YEASTGP:HXK2 HXK2 Hexokinase II (PII) (also called Hexokinase B). 5.02 54136 8 58
PATCHX:CAA98761 Z74233 S.cerevisiae chromosome IV reading frame ORF YDL185w 5.03 68023 6 68
YEASTGP:TFP1 TFP1 Vacuolar ATPase V1 domain subunit A (69 kDa) 6.09 119246 6 69
YEASTGP:SSB1 SSB1 Cytoplasmic member of the HSP70 family 5.18 66731 9 71
YEASTGP:SSB2 SSB2 Heat shock protein of HSP70 family, homolog ofSSB1 5.25 66667 8 71
YEASTGP:SSC1 SSC1 Mitochondrial matrix protein involved in proteine import; subunit of SceI endonuclease 5.35 70584 13 74












YEASTGP:SSE1 SSE1 HSP70 family member, highly homologous to Ssa1pand Sse2p 4.97 77603 7 83
YEASTGP:AIP1 AIP1 Actin cortical patch component 5.35 67739 5 86
YEASTGP:HIS7 HIS7 Glutamine amidotransferase:cyclase 5.25 61543 11 90
YEASTGP:THR4 THR4 Threonine synthase 5.4 57552 6 91
YEASTGP:FRS2 FRS2 Phenylalanyl-tRNA synthetase, beta subunit,cytoplasmic 5.6 57532 6 93
YEASTGP:ALD6 ALD6 Cytosolic Aldehyde Dehydrogenase 5.18 54778 11 97
YEASTGP:STI1 STI1 Heat shock protein also induced by canavanine & entry into stationary phase 5.37 66395 9 100
YEASTGP:ASN2 ASN2 Asparagine synthetase 5.73 65065 11 105
YEASTGP:HIS4 HIS4 Histidinol dehydrogenase 5.05 88293 9 117
YEASTGP:HSP104 HSP104 104 kDa heat shock protein 5.2 102314 12 123
YEASTGP:ALA1 ALA1 Cytoplasmic alanyl-tRNA synthetase gene 5.27 107609 12 126
YEASTGP:PDC1 PDC1 Pyruvate decarboxylase 6.13 61684 16 138
YEASTGP:ZWF1 ZWF1 Zwf1p 6.24 57542 11 144
YEASTGP:GLK1 GLK1 Glucokinase 6.14 55741 7 145
YEASTGP:DED81 DED81 Asparaginyl-tRNA synthetase 5.67 62680 5 147
YEASTGP:LEU4 LEU4 Alpha-isopropylmalate synthase(2-Isopropylmalate Synthase) 5.89 68879 8 157
YEASTGP:YOR108W YOR108W Yor108wp 6.75 67614 5 157
YEASTGP:MET6 MET6 Vitamin B12-(cobalamin)-independent isozyme ofmethionine synthase 6.43 85977 18 170
YEASTGP:ACS2 ACS2 Acetyl-coenzyme A synthetase 6.67 75786 5 172
YEASTGP:TKL1 TKL1 Transketolase 1 7.01 73873 10 176
YEASTGP:PRO2 PRO2 Gamma-glutamyl phosphate reductase 5.34 49880 7 185
YEASTGP:YFR044C YFR044C Yfr044cp 5.43 53122 4 186
YEASTGP:ACT1 ACT1 Actin 5.51 41890 8 187
YEASTGP:OYE3 OYE3 NAD(P)H dehydrogenase 5.4 45006 4 188





















































Table 4.A (continued)          Identified proteins in the yeast total protein extract












YEASTGP:ENO2 ENO2 Enolase 5.89 46942 12 205
YEASTGP:YEL047C YEL047C Yel047cp 6.28 51097 9 217
YEASTGP:MET17 MET17 O-Acetylhomoserine-O-Acetylserine Sulfhydralase 6.42 48698 12 220
YEASTGP:SAH1 SAH1 Putative S-adenosyl-L-homocysteine hydrolase 6.21 49721 7 223
YEASTGP:GND1 GND1 6-phosphogluconate dehydrogenase; probable GNDgene 6.61 53908 9 226
YEASTGP:ENO1 ENO1 Enolase I 6.61 46844 11 229
YEASTGP:OYE2 OYE2 NAPDH dehydrogenase (old yellow enzyme), isoform2 6.55 44982 7 235
YEASTGP:TEF1 TEF1 Translational elongation factor EF-1 alpha 9.73 50400 6 237
YEASTGP:TEF2 TEF2 Translational elongation factor EF-1 alpha 9.73 50400 6 237
YEASTGP:ERG13 ERG13 3-hydroxy-3-methylglutaryl coenzyme A synthase 8.23 55435 6 245
YEASTGP:PGI1 PGI1 Glucose-6-phosphate isomerase 6.44 61261 8 253
YEASTGP:PGK1 PGK1 3-phosphoglycerate kinase 7.78 44767 14 263
YEASTGP:YBR025C YBR025C Probable purine nucleotide-binding protein 7.42 44488 6 268
YEASTGP:SHM2 SHM2 Serine hydroxymethyltransferase 7.44 52470 5 270
YEASTGP:IMD4 IMD4 Imd4p 8.16 56870 5 272
YEASTGP:UGP1 UGP1 Uridinephosphoglucose pyrophosphorylase 7.47 56181 5 273
YEASTGP:CDC19 CDC19 Pyruvate kinase 7.67 54909 12 280
YEASTGP:ACO1 ACO1 Aconitase, mitochondrial 8.16 85713 6 283
YEASTGP:EFT2 EFT2 Translation elongation factor 2 (EF-2) 6.25 93686 17 294
YEASTGP:EFT1 EFT1 Translation elongation factor 2 (EF-2) 6.25 93686 17 294
YEASTGP:PFK1 PFK1 Phosphofructokinase alpha subunit 6.36 108587 6 296
YEASTGP:RPL3 RPL3 Ribosomal protein L3 (rp1) (YL1 11.1 43844 9 325
YEASTGP:RPL4A RPL4A Ribosomal protein L4A (L2A) (rp2) (YL2) 11.41 39125 5 330
YEASTGP:RPL4B RPL4B Ribosomal protein L4B (L2B) (rp2) (YL2) 11.41 39095 5 330
YEASTGP:YGR086C YGR086C YGR086C, Chr VII from 649592-650611, reverse complement 4.37 38326 5 332
YEASTGP:TIF1 TIF1 Translation initiation factor eIF4A 4.86 44840 14 338
YEASTGP:TIF2 TIF2 Translation initiation factor eIF4A. 4.86 44840 14 338
YEASTGP:SAM2 SAM2 S-adenosylmethionine synthetase 5.07 42514 7 340
YEASTGP:GPD1 GPD1 Glycerol-3-phosphate dehydrogenase 5.27 43411 4 341
YEASTGP:RPS0A RPS0A Ribosomal protein S0A 4.48 28064 6 363
YEASTGP:RPS0B RPS0B Ribosomal protein S0B 4.52 28002 6 363
YEASTGP:BMH2 BMH2 Member of conserved eukaryotic 14-3-3 genefamily 4.65 31099 7 364
YEASTGP:BMH1 BMH1 Homolog of mammalian 14-3-3 proteins 4.65 30186 5 364
YEASTGP:RPP0 RPP0 60S ribosomal protein P0 (A0) (L10E) 4.57 33696 5 365
YEASTGP:ADO1 ADO1 Adenosine kinase 4.86 36520 8 382
YEASTGP:RNR4 RNR4 Ribonucleotide reductase 4.97 40142 5 383
YEASTGP:FBA1 FBA1 Aldolase 5.66 39880 6 404
YEASTGP:THR1 THR1 Homoserine kinase 5.16 39144 6 408
YEASTGP:YDL124W YDL124W YDL124W, Chr IV from 240258-241196 6.11 35595 5 434
YEASTGP:YNL134C YNL134C Ynl134cp 6.14 41366 4 455
YEASTGP:CYS3 CYS3 Cystathionine gamma-lyase 6.52 42516 4 470
YEASTGP:ADH1 ADH1 Alcohol dehydrogenase 6.67 37281 7 476
YEASTGP:AHP1 AHP1 Alkyl hydroperoxide reductase 4.87 19273 6 523
YEASTGP:ARF1 ARF1 ADP-ribosylation factor 7.47 20573 4 529
YEASTGP:TSA1 TSA1 Thioredoxin-peroxidase (TPx) 4.87 21690 5 552
YEASTGP:GRX1 GRX1 Glutaredoxin 4.84 12486 4 553
SW:COFI_YEAST Q03048 Q03048 saccharomyces cerevisiae (baker's yeast). Cofilin 4.9 15947 4 554
YEASTGP:YPL225W YPL225W Ypl225wp 5.08 17490 4 556
YEASTGP:YNL010W YNL010W Ynl010wp 5.19 27691 4 594
YEASTGP:YDR533C YDR533C YDR533C, Chr IV from 1501450-1502163, reverse complement 5.21 25711 5 596
YEASTGP:SEC53 SEC53 Phosphomannomutase 4.99 29215 4 611
YEASTGP:PRE9 PRE9 Proteasome component Y13 4.92 28696 4 612
YEASTGP:YLR301W YLR301W YLR301W, Chr XII from 730825-731559 4.97 27540 5 615
YEASTGP:SPE3 SPE3 Putrescine aminopropyltransferase (spermidinesynthase) 5.33 33530 6 623
YEASTGP:RHR2 RHR2 DL-glycerol-3-phosphatase 6.53 30590 5 624
YEASTGP:SOD1 SOD1 Cu, Zn superoxide dismutase 5.94 15958 4 631
YEASTGP:TPI1 TPI1 Triosephosphate isomerase 5.87 26893 6 645
YEASTGP:FPR1 FPR1 Peptidylprolyl cis-trans isomerase 5.88 12207 4 670
§ the spot number refers to the 2D gel picture in figure 22.A
Table 4.B         Identified proteins, GST alone
Protein Accession # Full name and Description
PATCHX:AAB37352 U78874 glutathione S-transferase - Cloning vector pGEX-6P-3 6 28536 6 5
PATCHX:AAC08727 U85205 GSTmFra2/79-327 - Expression vector pGH/F2.79-327 7.25 55592 6 6
SW:DNAK_ECOLI P04475 escherichia coli. dnak protein (heat shock protein 70) (hsp70). 4.67 68998 9 29
SW:GT26_SCHJA P08515 schistosoma japonicum (blood fluke). glutathione s-transferase 26 kda 6.52 25710 6 46






























































(Continued on next page) 
 
 
Table 4.F         GST-pull down experiment: Identified proteins using GST-yeNCS-1 (2D-A)
Protein Accession # Full name and Description
YEASTGP:RPS12 RPS12 40S ribosomal protein S12 4.5 15462 4 1
YEASTGP:yeNCS-1 YDR373w yeNCS-1 4.73 22110 6 8
YEASTGP:TSA1 TSA1 Thioredoxin-peroxidase (TPx) 4.87 21690 6 11
YEASTGP:GRX1 GRX1 Glutaredoxin 4.84 12486 5 13
YEASTGP:YKT6 YKT6 Ykt6p 5.5 22863 5 17
YEASTGP:RPL6A RPL6A Ribosomal protein L6A (L17A) (rp18) (YL16) 10.92 19949 5 34
YEASTGP:YDR071C YDR071C Ydr071cp 5.72 22047 5 38
SW:K1CJ_HUMAN P13645 homo sapiens (human). keratin, type i cytoskeletal 10 (cytokeratin 10) (k10) (ck 10) 4.99 59710 6 40
YEASTGP:YDR533C YDR533C YDR533C, Chr IV from 1501450-1502163, reverse complement 5.21 25711 8 40
YEASTGP:YBR052C YBR052C Homolog to YCR004, obr1 (S. pombe), trprepressor binding protein (E. coli) 5.04 23077 4 42
YEASTGP:SEC53 SEC53 Phosphomannomutase 4.99 29215 5 43
YEASTGP:PRE9 PRE9 Proteasome component Y13 4.92 28696 5 46
YEASTGP:RPN12 RPN12 Cytoplasmic 32 - 34 kDa protein 4.64 31956 4 51
YEASTGP:BMH1 BMH1 Homolog of mammalian 14-3-3 proteins 4.65 30186 5 54
YEASTGP:RPS0B RPS0B Ribosomal protein S0B 4.52 28002 5 55
YEASTGP:RPS0A RPS0A Ribosomal protein S0A. 4.48 28064 6 56
YEASTGP:RPP0 RPP0 60S ribosomal protein P0 (A0) (L10E) 4.57 33696 5 57
YEASTGP:HSP26 HSP26 Heat shock protein 26 5.23 23865 5 64
YEASTGP:CDC33 CDC33 MRNA cap binding protein eIF-4E 5.26 24239 5 65
YEASTGP:SPE3 SPE3 Putrescine aminopropyltransferase (spermidinesynthase) 5.33 33530 5 71
YEASTGP:RPL13A RPL13A Ribosomal protein L13A 11.79 22540 6 72
YEASTGP:RPL13B RPL13B Ribosomal protein L13B 11.71 22511 6 72
SW:GT26_SCHJA P08515 schistosoma japonicum (blood fluke). glutathione s-transferase 26 kda 6.52 25710 7 79
YEASTGP:URA3 URA3 Orotidine-5'-phosphate decarboxylase 7.38 29449 5 86
YEASTGP:RPL2A RPL2A Ribosomal protein L2A (L5A) (rp8) (YL6) 11.75 27391 4 88
YEASTGP:RPL2B RPL2B Ribosomal protein L2B (L5B) (rp8) (YL6) 11.75 27391 4 88












Table 4.C          Identified proteins, GST-yeNCS-1 alone
Protein Accession # Full name and Description
PATCHX:1GNE 1GNE glutathione transferase fused to HIV type 1 GP41 conserved neutralizing epitope 6.27 27263 6 75
SW:GT26_SCHJA P08515 schistosoma japonicum (blood fluke). glutathione s-transferase 26 kda 6.52 25710 7 90
PATCHX:AAB37352 U78874 glutathione S-transferase - Cloning vector pGEX-6P-3 6 28536 6 91
YEASTGP:yeNCS-1 YDR373w yeNCS-1 4.73 22110 6 184
SW:DNAK_ECOLI P04475 P04475 escherichia coli. dnak protein (heat shock protein 70) (hsp70) 4.67 68998 6 231
§ the spot number refers to the 2D gel picture in figure 22.C
Table 4.D         Identified proteins, GST-yeNCS-1(2D-A) alone
Protein Accession # Full name and Description
YEASTGP:yeNCS-1 YDR373w yeNCS-1 4.73 22110 4 22
SW:EFTU_SALTY P21694 salmonella typhimurium. elongation factor tu (ef-tu). 5.24 43296 9 25
SW:DNAK_ECOLI P04475 escherichia coli. dnak protein (heat shock protein 70) (hsp70). 4.67 68998 6 33
PATCHX:AAC08727 U85205 GSTmFra2/79-327 - Expression vector pGH/F2.79-327 7.25 55592 6 37
PATCHX:AAB37352 U78874 glutathione S-transferase - Cloning vector pGEX-6P-3 6 28536 6 47
SW:GT26_SCHJA P08515 schistosoma japonicum (blood fluke). glutathione s-transferase 26 kda 6.52 25710 7 59
§ the spot number refers to the 2D gel picture in figure 22.D
Table 4.E          GST-pull down experiment: Identified proteins using GST-yeNCS-1
Protein Accession # Full name and Description
YEASTGP:YEF3 YEF3 EF-3 (translational elongation factor 3). 5.95 116726 10 434
YEASTGP:EFT2 EFT2 Translation elongation factor 2 (EF-2). 6.25 93686 7 439
YEASTGP:EFT1 EFT1 Translation elongation factor 2 (EF-2). 6.25 93686 7 439
YEASTGP:TKL1 TKL1 Transketolase 1 7.01 73873 4 453
YEASTGP:ACS2 ACS2 Acetyl-coenzyme A synthetase. 6.67 75786 4 454
SW:K2C1_HUMAN P04264 homo sapiens keratin, type ii cytoskeletal 1 (cytokeratin 1) (ck 1) (67 kd cytokeratin) 8.33 66018 7 470










































































Table 4.F (continued)         GST-pull down experiment: Identified proteins using GST-yeNCS-1 (2D-A)












YEASTGP:SAM2 SAM2 S-adenosylmethionine synthetase 5.07 42514 8 150
YEASTGP:SAM1 SAM1 S-adenosylmethionine synthetase 4.92 42077 5 155
YEASTGP:VMA2 VMA2 Vacuolar ATPase V1 domain subunit B 4.79 57770 6 157
YEASTGP:TUB2 TUB2 Beta-tubulin 4.47 51232 4 159
YEASTGP:RVB2 RVB2 RUVB-like protein 5.07 51693 5 160
YEASTGP:SUB2 SUB2 RNA helicase 5.3 50619 10 162
YEASTGP:ARG1 ARG1 Arginosuccinate synthetase 5.48 47423 5 163
YEASTGP:PRO2 PRO2 Gamma-glutamyl phosphate reductase 5.34 49880 4 165
SW:GLPK_ECOLI P08859 escherichia coli. glycerol kinase 5.29 56349 11 166
SW:GATZ_ECOLI P37191 escherichia coli. putative tagatose 6-phosphate kinase gatz (ec 2.7.1.144) 5.64 47534 6 168
YEASTGP:SSA1 SSA1 Heat shock protein of HSP70 family, cytoplasmic 4.83 69895 9 170
YEASTGP:SSA2 SSA2 Member of 70 kDa heat shock protein family 4.78 69598 9 170
YEASTGP:FBA1 FBA1 Aldolase 5.66 39880 5 185
YEASTGP:PSA1 PSA1 Mannose-1-phosphate guanyltransferase,GDP-mannose pyrophosphorylase 6.29 39712 5 188
YEASTGP:YHB1 YHB1 Yhb1p 6.25 44846 9 189
YEASTGP:HSC82 HSC82 Constitutively expressed heat shock protein 4.6 80849 10 189
YEASTGP:CYS3 CYS3 Cystathionine gamma-lyase 6.52 42516 6 190
YEASTGP:VMA5 VMA5 Vacuolar ATPase V1 domain subunit C (42 kDa) 6.66 44218 8 191
YEASTGP:SAH1 SAH1 Putative S-adenosyl-L-homocysteine hydrolase 6.21 49721 6 198
YEASTGP:GND1 GND1 6-phosphogluconate dehydrogenase; probable GNDgene 6.61 53908 6 200
YEASTGP:MET17 MET17 O-Acetylhomoserine-O-Acetylserine Sulfhydralase 6.42 48698 9 201
YEASTGP:GDH1 GDH1 NADP-specific glutamate dehydrogenase 5.5 49881 10 204
YEASTGP:GDH3 GDH3 NADP-linked glutamate dehydrogenase 5.23 49938 6 204
YEASTGP:ARO8 ARO8 Aromatic amino acid aminotransferase 5.9 56370 9 206
SW:K2C1_HUMAN P04264 homo sapiens keratin, type ii cytoskeletal 1 (cytokeratin 1) (ck 1) (67 kd cytokeratin) 8.33 66018 6 211
YEASTGP:HOM6 HOM6 Homoserine dehydrogenase (L-homoserine:NADPoxidoreductase) 7.75 38478 5 212
YEASTGP:YNK1 YNK1 Probable nucleoside-diphosphate kinase (EC2.7.4.6) 9.14 17212 5 213
YEASTGP:GPM1 GPM1 Phosphoglycerate mutase 9.66 27591 6 243
YEASTGP:TEF1 TEF1 Translational elongation factor EF-1 alpha 9.73 50400 6 247
YEASTGP:TEF2 TEF2 Translational elongation factor EF-1 alpha 9.73 50400 6 247
YEASTGP:TDH3 TDH3 Glyceraldehyde-3-phosphate dehydrogenase 3 6.96 35838 6 251
YEASTGP:TDH2 TDH2 Glyceraldehyde 3-phosphate dehydrogenase 2 6.96 35938 5 252
YEASTGP:ILV5 ILV5 Acetohydroxyacid reductoisomerase 9.83 44511 10 256
YEASTGP:LYS12 LYS12 Homo-isocitrate dehydrogenase 8.06 40329 6 257
YEASTGP:ADH1 ADH1 Alcohol dehydrogenase 6.67 37281 10 261
YEASTGP:YBR025C YBR025C Probable purine nucleotide-binding protein 7.42 44488 7 262
YEASTGP:PGK1 PGK1 3-phosphoglycerate kinase 7.78 44767 8 265
YEASTGP:CIT1 CIT1 Citrate synthase. Nuclear encoded mitochondrialprotein. 8.86 53384 4 269
YEASTGP:ENO1 ENO1 Enolase I 6.61 46844 8 271
YEASTGP:IDP1 IDP1 Mitochondrial form of NADP-specific isocitratedehydrogenase 9.45 48331 5 273
YEASTGP:SHM2 SHM2 Serine hydroxymethyltransferase 7.44 52470 4 281
YEASTGP:LAP3 LAP3 Aminopeptidase of cysteine protease family 9.59 55618 6 282
YEASTGP:DLD3 DLD3 D-lactate dehydrogenase 6.88 55532 5 283
YEASTGP:IMD3 IMD3 Imd3p 7.39 56947 4 284
YEASTGP:IMD4 IMD4 Imd4p 8.16 56870 4 284
YEASTGP:CYS4 CYS4 Cystathionine beta-synthase 6.67 56044 6 286
YEASTGP:PDC1 PDC1 Pyruvate decarboxylase 6.13 61684 9 296
YEASTGP:CDC19 CDC19 Pyruvate kinase 7.67 54909 10 310
YEASTGP:DPS1 DPS1 Aspartyl-tRNA synthetase, cytosolic 6.55 63647 8 317
YEASTGP:THR4 THR4 Threonine synthase 5.4 57552 6 323
YEASTGP:WTM1 WTM1 Transcriptional modulator 5.09 48467 5 340
YEASTGP:HSP60 HSP60 Mitochondrial chaperonin, homolog of E. coligroEL protein 5.06 60999 4 346
YEASTGP:PDR13 PDR13 Hsp70 Protein. 4.97 62261 8 347
YEASTGP:TFP1 TFP1 Vacuolar ATPase V1 domain subunit A 6.09 119246 6 353
PATCHX:CAA98761 Z74233 S.cerevisiae chromosome IV reading frame ORF YDL185w 5.03 68023 5 354
YEASTGP:SSB1 SSB1 Cytoplasmic member of the HSP70 family 5.18 66731 9 355
YEASTGP:SSB2 SSB2 Heat shock protein of HSP70 family, homolog ofSSB1 5.25 66667 8 355
YEASTGP:SSC1 SSC1 Mitochondrial matrix protein involved in proteinimport; subunit of SceI endonuclease 5.35 70584 9 362
YEASTGP:SSE1 SSE1 HSP70 family member, highly homologous to Ssa1pand Sse2p 4.97 77603 9 368
YEASTGP:HSP82 HSP82 82 kDa heat shock protein; homolog of mammalianHsp90 4.66 81356 11 370
YEASTGP:KAR2 KAR2 Homologue of mammalian BiP (GPR78) protein;member of the HSP70 gene family 4.63 74479 8 371
YEASTGP:HIS4 HIS4 Histidinol dehydrogenase 5.05 88293 7 375
YEASTGP:HSP104 HSP104 104 kDa heat shock protein 5.2 102314 16 380
YEASTGP:UBA1 UBA1 Ubiquitin activating enzyme, similar to Uba2p 4.82 114765 6 384
§ the spot number refers to the 2D gel picture in figure 22.F
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Part 1: Discussion  
 
 
Since NCS-1 is particularly well conserved from yeast to human, and is nervous system specific, 
an attractive hypothesis is that vesicle docking and fusion incorporate evolutionary conserved 
elements which may be part of specialized machinery that may mediate regulatory events 
specific to the process of neurotransmission. Therefore, yeast as a simple eukaryotic model could 
be used to adress a role for NCS-1 in basic cellular and molecular aspects of synaptic 
transmission.  
 
YeNCS-1 is essential for growth in S.cerevisiae 
In the present study we showed that deleting the yeNCS-1 gene is lethal, indicating that yeNCS-1 
is implicated in an essential function in S. cerevisiae. However, spores lacking the yeNCS-1 gene 
could be complemented by mutated copies of yeNCS-1 gene encoding yeNCS-1 proteins that are 
unable to bind Ca2+. Since 45Ca2+-overlay experiment showed no binding for the double mutant 
D109A/D157A (2D-A), we can exclude that leaving the single Ca2+-binding EF-hand 2 (EF2) 
intact could still fulfill a putative Ca2+-dependent function of yeNCS-1 through eventual residual 
Ca2+-binding at the third Ef hand. In line with this argument, disruption of the Ca2+-coordination 
of NCS-1 with a single mutation in EF3 at position 120, resulted in a dominant-negative NCS-1 
protein that had an impaired Ca2+-dependent conformational change (Weiss et al., 2000). Further, 
the second EF-hand (EF2) of NCS-1 displays a 25-fold weaker affinity for Ca2+ than EF3 and 
EF4 (KD-EF2=10µM, KD-EF3=0.4 µM and KD-EF4=0.4 µM (Ames et al., 2000)) suggesting that EF3 
and EF4 are indeed the two main high affinity Ca2+ sensing motifs in yeNCS-1. Therefore, as 
well as yeast calmodulin (yeCaM) which is required for growth but can perform its essential 
function without apparent Ca2+-binding ability (Geiser et al., 1991), the essential function of 
yeNCS-1 is likely to be Ca2+-independent in the herein tested conditions.  
 
Human NCS-1 rescues the lethal phenotype of ∆ncs1 yeast cells 
Importantly, we could show that human NCS-1 is able to functionally replace yeNCS-1 in yeast 
cells that lack endogenousely expressed yeNCS-1 indicating that the function of NCS-1 is 
conserved from yeast to man. However, this seems not to be the case for all fungi because a Ca2+ 
intolerance phenotype observed in S.pombe cells lacking NCS-1 can be rescued neither by 
recoverin nor by vertebrate NCS-1 (Hamasaki-Katagiri et al., 2004).  
 
Is the function of yeNCS-1 calcium-dependent? 
Because Ca2+ in S.cerevisiae is involved in numerous cellular events including mating, cell 
cycle, but also sporulation, bud-emergence and secretion (Davis, 1995, Catty, 1999), we 
explored wheather yeNCS-1 could play a Ca2+-dependent role in some of these processes. All the 
tested strains (WT and Ca2+-binding-defective mutants) had comparable doubling times 
indicating that Ca2+-signaling through yeNCS-1 is not crucial for growth efficiency both at 30°C 
and at the more stressfull temperature of 37°C. This is surprising because a recent study reported 
effective rescue of the lethal phenotype by either WT or Ca2+-binding-defective mutants at up to 
35°C but not at 37°C (Strahl et al., 2003) indicating a Ca2+-dependence for growth in elevated 
temperature conditions. Unlike yeCaM (Geiser et al., 1991), sporulation efficiency did not 
appear to require yeNCS-1 mediated Ca2+-signaling. Indeed, mutant strains sporulated at the 
nearly same efficiency as WT strains. Among the sporulating cells of WT and mutant strains, 
equivalent proportion of dyads, triads and tetrads were produced.  
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In fission yeast, ncs1∆ deletion mutant showed two Ca2+-dependent phenotypes: a growth defect 
at high levels of extracellular Ca2+ and nutrition-independent sexual development (Hamasaki-
Katagiri et al., 2004). 
 
In Baker’s yeast, Ca2+ is specifically required for the fusion of vesicles with the Golgi (Davis, 
1995). As previously mentioned, yeNCS-1 has been proposed to interact with PIK1 (Hendricks 
et al., 1999), a phosphatidylinositol 4-OH kinase that has been directly implicated in secretion at 
the Golgi (Hama et al., 1999, Walch-Solimena and Novick, 1999). Unfortunately, using a 
standard assay that monitores the secretion of invertase and that has been used to link PIK1 to 
the secretory pathway, we were unable to correlate yeNCS-1-mediated Ca2+-signaling to the 
secretion of invertase. However, since stable interaction of yeNCS-1 with PIK1 does not require 
Ca2+-binding (Huttner et al., 2003), our results do not exclude that yeNCS-1 could still be 
involved in secretion but in a Ca2+-independent manner. Further experimentation is needed to 
address this question and will be discussed later. 
 
What is(are) the target(s) of yeast NCS-1? 
In mammals, NCS-1 is known to interact directly with several distinct proteins including N- and 
P/Q-type voltage-gated Ca2+-channels (Wang et al., 2001, Weiss and Burgoyne, 2001), A-type 
K+ channels (Nakamura et al., 2001), D2 dopamine receptors (Kabbani et al., 2002), G-protein 
coupled receptor kinase (Iacovelli et al., 1999), calcineurin, phosphodiesterase (Schaad et al., 
1996) and PI(4)KIIIβ (Zhao et al., 2001). In yeast, the only target that has been formally 
identified up to now is PIK1, the yeast homologue of PI(4)K.  
 
The interaction between PIK1 and NCS-1 was revealed using genetic approach (Hendricks et al., 
1999). Here, we choose a proteomic approach to attempt to identify other NCS-1 interacting 
proteins in yeast: a GST pull-down assay. The pull-down approach combined with MALDI-TOF 
MS-based protein identification that we used in this study is comparable to a study (Ivings et al., 
2002) where the authors identified Ca2+-dependent binding partners of neurocalcin δ applying rat 
brain protein extracts on immobilized neurocalcin δ. 
 
The interpretation of the results that we obtained here is rather difficult because we were unable 
to identify a documented interacting partner of yeNCS-1, namely PIK1, which would have 
directly validated the pull-down approach. Indeed, in order to analyse the results, the various 
proteins that could be selected through their interaction with the GST-NCS-1-bead complex and 
that were subsequently identified by MS have to be classified into groups such as NCS-1 binding 
partners, GST binding partners and unspecific binding proteins. This classification of identified 
protein would be too speculative without an internal control. Unfortunately, the control PIK1 
could never be identified using this method. It is therefore questionable whether the interaction 
between yeNCS-1 and PIK1 is strong enough for the GST pull-down assay. However, 
immunoprecipitation experiments demonstrated this interaction (Hendricks et al., 1999, Huttner 
et al., 2003).  
 
Proteins of similar molecular-weight (MW) and similar isoelectric point (pI) to those predicted 
for PIK1 (pI=6.46, MW=119.922 kDa) were identified by MS. For example, a vacuolar ATPase 
TFP1 displays a pI of 6.02 and a MW of 119.246 kDa, which is in the same range as PIK1 and 
within the expected resolution range of the first and second dimension of the electrophoresis (pH 
range: 3 to 10; 9-16% polyacrylamide gradient). Hence, we can rule out an eventual resolution 
problem of the 2D gel elecrophoresis. Rather, the encountered control-protein identification 
problems may reflect a small abundance of PIK1 in the yeast extracts that we used. Increasing 
the probability of detecting a new target for yeNCS-1 requires further experimentation.  
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Other proteins that are suspected to interact with yeNCS-1 have been proposed in a large-scale 
two-hybrid study (Hazbun et al., 2003) (see also http://www.yeastgenome.org/). Five ORF 
displayed physical interaction with yeNCS-1: the uncharacterized ORF YDL218w; YSP3, a 
subtilisin-like protease involved in protein catabolism; VM22, which is required for the 
biogenesis of a functional vacuolar ATPase; PEX14, implicated in protein-peroxisome targeting 
and USE1, which is a SNARE localized to the ER and is implicated in retrograde traffic from the 
Golgi to the ER and secretion of invertase (Dilcher et al., 2003). However, in the GST-pull down 
assay, none of the above candidate interacting partners of yeNCS-1 could be identified. 
 
Interestingly it was recently shown in fission yeast S.pombe, that the viable ncs-1 deletion 
mutant exhibits a phenotype similar to starvation-independent sporulation previously reported in 
the deletion mutant of git3 (glucose receptor) and gpa2 (α-subunit of G-protein) (Hamasaki-
Katagiri et al., 2004). Nutritional signal (eg. glucose versus nitrogen) results in sequential 
activation of the glucose receptor, the G-protein  α-subunit, adenylate cyclase and protein kinase 
A. When cells are starved, the adenylate cyclase pathway is down-regulated causing a depletion 
of cAMP resulting in the trigger of conjugation and spore formation (Kawamukai et al., 1991, 
Mochizuki and Yamamoto, 1992). NCS-1 was linked to the adenylate cyclase pathway by 
showing that addition of exogenous cAMP to ∆ncs-1 mutant blocked the starvation-independent 
conjugation phenotype of NCS-1 defective cells (Hamasaki-Katagiri et al., 2004). Hence, fission 
yeast NCS-1 could possibly serve to couple Ca2+-signaling to G-protein cascades by promoting 
Ca2+-dependent desensitization of Git3 in a comparable way as recoverin and rhodopsin. Since 
S.cerevisiae yeNCS-1 could rescue the same phenotype of S. pombe ∆ncs-1 deletion mutant, it is 
tempting to suggest that S.cerevisiae yeNCS-1 might also regulate nutrition-dependent signaling 
pathway in the budding yeast through Ca2+-dependent regulation of GPCR phosphorylation by 
GPCR kinase (GRK). In line with this idea, previous studies have shown that vertebrate NCS-1 
regulates GRK1 (De Castro et al., 1995, Nef et al., 1995, Iacovelli et al., 1999, Sallese et al., 
2000). Whether regulation of GRK and GPCR by yeNCS-1 really occurs in budding yeast 
remains to be explored, but type I casein kinase are known to phosphorylate the C-teminus of the 
α-factor receptor (Hamasaki-Katagiri et al., 2004) and may correspond to a particular GRK class 
in the budding yeast. Interstingly, the mammalian homologue of type I casein kinase is able to 
phosphorylate a subset of synaptic vesicle protein including synaptic vesicle protein 2 (Gross et 
al., 1995).  
 
To conclude, since NCS-1 has several potential interacting partner and at least two functions in 
S.pombe, NCS-1 maybe multifunctional as CaM. However, future studies are needed to 
characterize more specifically the function of NCS-1 in baker’s yeast and eventually to 
extrapolate these functions to vertebrate. These could include the following: 
 
 Yeast two-hybrid screening to detect yeast or vertebrate NCS-1 targets using WT 
yeNCS-1 or huNCS-1 or Ca2+-binding defective mutants as bait, and both yeast or 
mammalian nervous system specific genomic libraries as baits. 
 
 Subcellular localization studies using fluorescent tags or electron-microscopy on yeNCS-
1 and Ca2+-binding defective mutants to detect an eventual Ca2+-dependent change of 
localization and colocalization with the potential interacting partners of yeNCS-1.  
 
 Variation of the pull-down assay using yeast protein extracts of different cell-fractions 
and sub-fractions such as plasma membrane-, cytoplasmic-, nucleus-, endoplasmic 
reticulum-, and Golgi apparatus-fractions. Replacement of the GST by other smaller tags 
such as histidine repeats, HAM or Flag tags located at either amino- or carboxy-termini 
of yeNCS-1. If the relatively large GST tag sterically disturbs an interaction between 
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yeNCS-1 and a target protein, such smaller tags would decrease the steric interference 
imputable to the GST tag. 
 
 Production of a thermosensitive yeNCS-1 mutant (yeNCS-1ts), which would be usefull to 
further explore the possible role of yeNCS-1 in the regulation of functions requiring 
Ca2+-signaling and a putative target. 
 
 Quantitative RT-PCR to study an eventual modulation of yeNCS-1 expression levels in 




Part 2: NCS-1 gene disruption in mice 
 
 
Part 2: Experimental procedures 
 
Gene targeting strategy and general method 
 
To generate NCS-1 null mutant mice (ncs-1∆), we choose to disrupt the expression of the mouse 
NCS-1 gene by excising the first exon of NCS-1 by homologous recombination and to replace it 
by a selective marker; by this mean NCS-1 transcript should no longer be produced. The general 
procedure for NCS-1 gene targeting is described in Figure 23 and the gene-targeting construct is 
described in Figure 24. To isolate correctly recombined embryonic stem cells (ES), we choose 
the established method that uses positive selection for ES cells that have incorporated the 
targeting construct in the genome and a negative selection against the cells that have randomly 







Figure 23. Schematic representation of the 
procedure for the generation of NCS-1 null 
mutant mice (ncs-1∆). (A) The linearized 
gene-targeting construct is introduced by 
electroporation in ES cells where the 
homologous recombination occurs (grey 
boxes: homologous genomic sequences; 
HSV-tk: negative selective marker; neoR 
positive selective marker, see below). (B) 
ES colonies carrying the correctly inserted 
targeting vector are selected by positive and 
negative selection of ES cells that are 
microinjected into mouse blastocysts (which 
are implanted in pseudopregnant females 
recipients) to generate germ-line chimeras. 
(C) To detect germ-line chimeras, chimeric 
mice are then crossed to normal mice 
yielding heterozygous ncs-1∆ founders    
(+/-). (D) Identified F1 ncs-1∆ heterozygote 
offsrings are mated to obtain F2 generation 
in which 1/4 are (-/-) homozygous for ncs-
1∆, 2/4 are (+/-) heterozygotes and 1/4 are 







































A mouse genomic library of the 129/SvJ strain was screened using standard methods (S.Nef, 
unpublished). Two fragments -each flanked by NotI restriction sites- of respectively 10 kb and 4 
kb were isolated and subcloned in a pBSK- vector that were used for the targeting vector 
construction and the PCR positive control construction. The 10 kb genomic DNA fragment 
corresponds to the putative NCS-1 promoter on the 5'UTR upstream of the start codon, and the 4 
kb fragment contains the first exon (nucleotide positions 1 to 62) and part of intron 1 (position 63 
up to 4 kb). The 10 kb fragment (called long arm, LA) was inserted in a gene-disruption plasmid 
between the negative selection marker Herpes simplex virus-thymidine kinase (HSV-tk) and the 
reporter gene coding for β-galactosidase (LacZ), followed by an upstream mouse sequence 
(UMS), a transcription terminating sequence (McGeady et al., 1986), and by the Neomycine 
resistance cassette (neoR). HSV-tk, LacZ and neoR are terminated by a SV40 polyadenylation 
signal. From the 4 kb fragment, a 650 bp NcoI-HindIII segment that is homologous to part of 
intron 1 (called short arm, position 186 to 836 downstream the ATG) was excised and inserted 
on the 3' side of the neoR cassette. For linearization, a unique PmeI restriction site was added to 
the very end on the 3'end of the construct. The targeting construct and the positive control 























Figure 24. Schematic representation of the PmeI linearized gene targeting construct (A) and the PCR positive 
control construct (B). Grey boxes correspond to the long homology arm (LA) and short homology arm (SA), which 
are the NCS-1 genomic sequences involved in the homologous recombination. Discontinuities are symbolized by 
"~". The "SA PCR+" corresponds to the SA sequence continued by additional 500 bp of the intron 1 that were used 
for setting up the PCR reaction of the screening, Neo1 and Ctl5 are oligonucleotides amplifying a DNA fragment of 
1516 bp specific for the mutated allele. Arrows in the boxes indicate the sens of each gene described in the text 
relatively to the orientation of the NCS-1 gene. (C) Genomic segment around the first NCS-1 exon, wild-type allele. 
(D) Genomic segment at the same site after homologous recombination and insertion of the LacZ-UMS-neoR 
cassette, mutant allele. Southern blotting ScaI-NcoI probe is indicated by a thicker line. The probe hybridizes the 
ScaI restriction fragments underlining the scheme with the respective size of each allele (3.5 kb for the WT allele, 
and 8.5 kb for the mutant allele). Dotted lines show where the homologous recombination occured. 
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PCR positiv control plasmid 
 
The PCR positive control plasmid was constructed using the HSV-tk/UMS/neoR cassette 
containing a 980 bp blunted NcoI-NcoI fragment corresponding to the short arm plus 330 bp of 
intron 1 (position 186 to 1166). Correct homologous recombination is verified by PCR using the 
following primers: "Neo1" 5'-GACGGCGAGGATCTCGTCGTG-3' corresponding to an internal 
sequence of neoR, and "Ctl5" 5'-CAATAGCCTACCTGCTAATGGCTG-3' corresponding to a 




A NcoI-ScaI digoxigenin-labeled probe (1.7 kb) used for the Southern blotting was obtained 
from the 4 kb fragment and corresponds to a segment of the intron 1 that is not present in the 
targeting vector construct. The recombinant genomic DNA was digested by ScaI, the wild type 
(WT) allele yields a 3.9 kb restriction fragment whereas the mutant allele results in a fragment of 
8.5 kb (Fig.24. C and D).  
 
 
Part 2: Results and Status 
 
In a first trial, 20 µg of PmeI-linearized and agarose gel-purified targeting vector were 
electroporated in 129/SvJ embryonic stem cells (ES cells), and homologous recombinant clones 
were positively and negatively selected using neomycine and FIAU (Mansour et al., 1990, 
Vaidyanathan and Zalutsky, 1998) respectively. From 600 neomycine-resistant clones, 250 were 
screened by PCR for a correct homologous recombination event. Three colonies were detected as 
















Figure 25. Genotyping of recombinant ES cells clones. (A) PCR genotyping on genomic DNA isolated from 
positive recombinant clones. M: molecular weight marker. C+: PCR reaction using the PCR positive control 
construct as template. Lanes marked by a vertical arrow correspond to PCR reaction identifying two positive clones. 
(B) Genomic Southern blot using a DIG-labeled probe corresponding to the NcoI-ScaI restriction fragment 
described in Figure 24. M: DIG-labeled molecular weight marker, +/+: wild type, +/-: heterozygote. Relevant 
molecular weights are indicated [kb]; (see experimental procedure in Part 1). 
 
 
These three positive clones were frozen and stored before being expanded in culture again. 
During this culture, cells differentiated too much to be used for subsequent injection into 
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blastocysts. Therefore a second trial of gene targeting using the same vector was necessary. 
However, this time we choose to electroporate ES cells from the C57BL/6J strain. From 13 
FIAU and neomycine resistant clones, 8 were positive by PCR screening, among which 2 were 
confirmed as positives by Southern blotting (Fig. 25.B). Both of these two clones were expanded 
in culture and individual cells were microinjected into BALB/c blastocyste, which were then 
reimplanted in pseudopregnant females. 18 chimeras were born with a chimerism ranging from 
10 to 95% (Fig. 26.A and B). The chimerism was expected to be sufficient to allow colonization 
of the germinal cell line by the C57BL/6J cells lacking an allele of the NCS-1 gene 
(C57BL/6J::ncs-1∆). Chimeric males were then crossed with BALB/c females to obtain 
heterozygous progeny. We then crossed adult heterozygous inbred strains to obtain WT offspring 
(+/+), heterozygote (+/-) and homozygous ncs-1∆ mice (-/-). To verify the lack of expression of 
the NCS-1 protein in the (-/-) strains and a lowered NCS-1 protein expression in the (+/-) strains 
we performed Western blot analysis on total brain extract obtained form two different mice for 

















Figure 26.  Photographies of adult male C57BL/6J::∆NCS-1 / BALB/c mice showing ~80% (A) and ~30% 
chimerism (B). (C) Western blot of NCS-1 null-mutant mice brain extracts. Brains were dissected form NCS-1 +/+, 
+/- and -/- mice (two mice for each genotype) and homogenized in lysis buffer (50 mM TrisHCl, 2 mM MgCl2, 100 
mM NaCl, 2 mM CaCl2, 0.5 % sodium deoxycholate, 0.1 % SDS, 1 mM PMSF, 10 µg/ml Leupeptine and protease 
inhibitors cocktail (Roche Biochemicals)) using polytron mixer and 30 sec sonication. Brain homogeneates were 
centrifuged at 4°C for 30 min at 12’000 g. The protein concentration of the cleared lysate was determined by the 
Bradford protein assay (Bio-Rad, Hercules, CA) using BSA as a standard. 30µg of total protein was resolved by 
SDS-PAGE and immunoblotting using standard methods (see experimental procedure in Part 1). Proteins were then 
transferred to a nitrocellulose membrane and immunodetected at room temperature for 2 h by incubation with a 
rabbit anti-human NCS-1 polyclonal antibody (Santa Cruz Biotechnology) diluted 1:500 in Blocking buffer. 
Immunecomplexes were revealed by chemiluminescence as described earlier (ECL system, Amersham). 5 ng of 
recombinant purified human NCS-1 served as positve control (C+). Staining of kinesin with a monoclonal anti-rat 
antibody diluted 1:10’000 was used as an internal reference control for insuring that similar amount of protein was 
loaded, transferred, and detected. 
 
 
As expected for the protein extracts from WT (+/+) mice brains, a single band was visible at an 
approximate size of 22 kDa corresponding to the theoretical size of NCS-1 (Fig. 26.C, lanes 5 
and 6). The chemiluminescent signal observed at the same relative size in lanes 3 and 4 loaded 
with heterozygote brain extracts (+/-) displayed a weaker intensity when compared to WT, 
suggesting that the expression level of NCS-1 correlates with the amount of NCS-1 gene copies. 
The fact that absolutely no NCS-1-signal could be observed in lanes 1 and 2 loaded with protein 
extract from NCS-1 null mutant mice clearly confirms the success of the gene disruption.  
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Part 3: Transgenic mice overexpressing NCS-1 
 
 
This third part of my thesis lead to the submission of an article, which is presented hereafter, 
followed by supplementary information. However, to avoid redundancy, the abstract and the 
reference list were removed (which are listed at the end of this study). 
 
 





The neuronal calcium sensor-1 (NCS-1), an intracellular calcium binding protein of the EF-hand 
protein family (Nef et al., 1995), is neuron-specific (Martone et al., 1999) and highly conserved 
through evolution (Braunewell and Gundelfinger, 1999) with 100% identity at the amino acid 
level among vertebrates (Nef, 1996), ~75% between vertebrate and C. elegans or Drosophila (De 
Castro et al., 1995). The NMR structure of yeast NCS-1 (Ames et al., 2000), and the X-ray 
structure of human NCS-1 (Bourne et al., 2001) have been determined. The NCS-1 protein (also 
termed frequenin) binds 3 calcium ions in a cooperative manner with a high affinity of ~300 nM 
(Cox et al., 1994, Ames et al., 2000, Bourne et al., 2001) that is within the range of intracellular 
Ca2+i fluctuations (Fontana and Blaustein, 1993, Yazejian et al., 2000) known to regulate key 
neuronal functions, i.e. neurotransmitter release, receptor phosphorylation, ion channel activities, 
membrane trafficking, and transcription.  
 
The vertebrate NCS-1 can activate several enzymes such as the G-protein receptor kinase 1 (De 
Castro et al., 1995, Iacovelli et al., 1999), can substitute for calmodulin (CaM) and directly 
activate CaM-dependent targets such as 3’:5’-cyclic nucleotide phosphodiesterase, calcineurin, 
and nitric oxide synthase (Schaad et al., 1996). Those functions are calcium-dependent and based 
on in vitro data using recombinant NCS-1. NCS-1 has also been reported to regulate evoked 
exocytosis in neuroendocrine cells (McFerran et al., 1998).  
 
Phenotypic analyses addressing the functional role of NCS-1 in vivo have been performed with 
yeast, Paramecium, C. elegans, and Drosophila. In S. cerevisiae, the frq1 gene (encoding NCS-
1) is essential for vegetative growth (Hendricks et al., 1999). In this model the function of the 
NCS-1 protein is calcium-independent, and subsequent genetic analysis indicated the NCS-1 
lethality phenotype can be suppressed by overexpression of the yeast phosphatidylinositol 4-OH 
kinase Pik1 (Hendricks et al., 1999), or rescued by a loss-of-function (no longer able to bind 
Ca2+) ye-NCS-1 protein (P. Nef, unpublished observation). Direct interaction between Pik1 and 
NCS-1 has also been reported with mammalian cells (Zhao et al., 2001). In Paramecium, NCS-1 
can directly substitute for a mutated form of CaM and can restore normal wild-type (WT) 
behavioral responses (avoidance reaction). In this model, the vertebrate form of NCS-1 can 
reactivate a potassium (K+) channel (Schaad et al., 1996), which might correspond to the A-type 
K+ currents (Kv4 channels) found in vertebrates, and known to be regulated by NCS-1 (Poulain 
et al., 1994, Nakamura et al., 2001). In Drosophila, overexpression of frequenin (Pongs et al., 
1993), the Drosophila orthologue of NCS-1, causes a shaker-like phenotype and involves an 
increase of evoked neurotransmitter release at the neuromuscular junction (NMJ) (Rivosecchi et 
al., 1994) via unknown mechanisms that could possibly involve the NCS-1-dependent regulation 
of a Na+-Ca2+ exchanger (Rivosecchi et al., 1994), or of a N-type Ca2+ channel as shown for the 
NMJ of Xenopus (Wang et al., 2001). In C. elegans, we demonstrated for the first time the 
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functional role of NCS-1 as a neuron-specific calcium sensor in associative learning and memory 
using loss-of-function genetics (Gomez et al., 2001). Deletion of the ncs-1 gene in C. elegans, or 
disruption of the three NCS-1 calcium binding sites, results in a dramatic impairment in learning 
and memory tasks involving associative inputs (temperature and food), whereas an elevated 
amount of the NCS-1 protein enhances both learning through faster acquisition and memory 
through slower extinction (Gomez et al., 2001). At the neuronal network level, the presence of a 
functional NCS-1 is essential and necessary in the first interneuron AIY which receives inputs 
directly from the thermosensory neuron AFD and projects to the AIZ and RIA neurons. These 
studies indicate that NCS-1 is essential and not merely permissive for this associative behavior, 
and that the level of NCS-1 Ca2+-dependent activity in a single neuron determines overall 
learning and memory performance (Gomez et al., 2001). Since the NCS-1 protein is identical 
among vertebrates and highly conserved when compared to C. elegans or Drosophila, and 
because no physiological function for NCS-1 in a vertebrate organism has been identified, we 
chose the mouse as a model organism to investigate the potential role of NCS-1 in presynaptic 





Production of Transgenic Mice Overexpressing Chick NCS-1 
 
Thy1-cNCS-1 transgenic mice were generated as follows: a 573 base pairs DNA long fragment 
encoding the chick NCS-1 (cNCS-1) full-length protein (from the ATG to the stop codon) (Nef 
et al., 1995) was fused to a 215 base pair DNA fragment 
(tcccagggccgagcggcgcttacggggaagacgctctctgtgccatccgaccacgcagcgatgcttgcctgcccctctccagccctcctc
catgccccacgagccaagatgcagcacagtgccactcacgcccctctgcgctccgaaccatcgccggtgccatctgccaacttctgctttttt
tccaacaaaaaacaaaaatcacccaaaaaaaa) encoding the 3’ untranslated region of the chick cNCS-1 
gene. The resulting 788 bp cNCS-1 DNA fragment was inserted into a Thy1 promotor cassette. 
Upon linearization, the 7 kb long Thy1-cNCS-1 construct was microinjected into pronuclei of 
C57BL/6J - BALB/cJ F1 zygotes using established procedures (Hogan, 1994). Successful 
transgenesis was determined by PCR analysis of tail genomic DNA obtained from heterozygous 
siblings using the following oligonucleotide primers: forward 5’-ccacagaatccaagtcgg-3’ 
corresponding to upstream 5’ sequence of the Thy-1 promoter, and reverse 5’-
atacgagcccgtcgtagag-3’ that was homologous to nucleic acid positions 553-571 of the cNCS-1 
coding region. 
 
Tissue Distribution of the cNCS-1 Transgene In The Nervous System  
 
In situ hybridization (ISH) was performed as previously described (Schaeren-Wiemers and 
Gerfin-Moser, 1993). Briefly, antisense digoxigenin-labelled RNA probes (riboprobes) were 
synthesized as indicated by the manufacturers manual (DIG-RNA labeling kit, Roche 
Biochemicals) using specific 3’UTR sequences (nucleic acid positions 636-750 and 501-750) of 
chick NCS-1 as a template to avoid any cross-hybridization with the endogenous mouse ncs-1 
mRNA transcripts. Brains from transgenic and WT animals were dissected, and immediately 
frozen in dry ice. Tissues were kept at –80°C until processing. 12 µm thick sections were 
prepared at -15°C with a microtome, mounted on SuperFrost Plus slides (Menzel-Gläser), dried 
for 20 min at RT, and directly used for ISH. Following post-fixation in 4% paraformaldehyde 
and PBS, the sections were incubated 2x 15 min in PBS containing 0.1% active DEPC, then 
equilibrated for 15 min in 5x SSC. Sections were prehybridized in hybridization mix (50% 
formamide, 5x SSC, 5x Denhardt’s solution, 0.25 mg/ml yeast tRNA, 0.5 mg/ml salmon sperm 
DNA) for 2 hours at 65°C. After addition of heat denatured riboprobes at 500 ng/ml, 
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hybridization was performed o/n at 65°C. Sections were then washed at room temperature for 30 
min in 2x SSC, at 72°C for 1 hr in 2x SSC, at 72°C for 30 min in 0.1x SSC, and finally 
equilibrated in Buffer 1 (Maleic acid 0.1 M, NaCl 0.15 M, pH 7.5). Sections were then incubated 
for 2 hr with alkaline phosphatase coupled anti-digoxigenin antibodies (Roche Biochemicals) at 
a dilution of 1:3000 in Buffer 1 containing 0.5% Blocking reagent (Roche Biochemicals). The 
excess of antibody was removed by 2x washes of 15 min in Buffer 1, and then the sections were 
equilibrated in Buffer 2 (TrisHCl 0.1 M, NaCl 0.1 M, MgCl2 50 mM, pH 9.5). Color 
development was done at room temperature in the dark with Buffer 2 containing NBT/BCIP 
(Gibco) and levamisole (0.24 mg/ml final concentration), and the staining was stopped by adding 
Tris 10 mM, and EDTA 0.1 mM at pH 8. The sections were then briefly rinsed in bi-distilled 
water and mounted with VectaMount (Vector Laboratories). Detailed analysis of the sections 
was done (see Table I), and the total number of synapses, the shape and morphology, as well as 
the amount of nerve sprouting at motor endplates was performed as described before (Caroni, 
1997). 
 
Level of NCS-1 Overexpression 
 
Total protein extracts from brain tissue of transgenic and WT animals were produced as follow: 
dissected hippocampus were homogenized in PBS buffer containing protease inhibitors (tablets 
EDTA free, Roche Biochemicals) and sonicated 3x for 5 sec (at 10 Watts) on ice using a 
Vibracell sonicator (Sonics&Materials inc.). The homogenate was cleared by centrifugation at 
4°C for 30 min at 12’000 g. The protein concentration of the lysate was determined by the 
Bradford protein assay (Bio-Rad, Hercules, CA) using BSA as a standard. 30µg of total protein 
was resolved by SDS-PAGE using standard methods. The proteins were then transferred to 
PVDF membranes by electroblotting according to the manufacturer directives (Novex), and 
processed for immunodetection. PVDF membranes were incubated at room temperature for 30 
min in Blocking buffer (PBS containing 5% non-fat milk and 0.05% Tween 20), then at room 
temperature for 2 hr with a mouse specific anti-chick NCS-1 polyclonal antibody #469 (P. Nef, 
F. Hoffmann-La Roche, Ltd.) diluted 1:500 in Blocking buffer. The immune complex was 
revealed by chemiluminescence as described earlier (ECL system, Amersham). Staining of the α 
subunit of Ca2+/CaM-dependent protein kinase II with a monoclonal anti-rat antibody 
(Calbiochem) diluted 1:2000 was used as an internal reference control for insuring that similar 
amount of protein was loaded, transferred, and detected. After exposure, the film was scanned on 
an Imaging Densitometer (Bio-Rad) and NCS-1 signals were quantified (Molecular Analyst 
software, Bio-Rad). 
 
Hippocampal LTP and slice electrophysiology 
 
Recordings were carried out as previously described (Muller et al., 1996). Briefly, hippocampal 
slices were prepared from young adult (2-4 months old) transgenic (Tg26 and Tg 200) mice and 
their wild type littermates (WT) by decapitation and slicing using a tissue chopper. They were 
maintained in an interface chamber under continuous perfusion with a medium containing: NaCl 
124 mM, KCl 1.6 mM, CaCl2 2.5 mM, MgCl2 1.5 mM, NaHCO3 24 mM, KH2PO4 1.2 mM, 
glucose 10 mM and ascorbic acid 2 mM; pH 7.4 at 33°C. Excitatory postsynaptic potential 
(EPSPs) were elicited with stimulation electrodes made of twisted nichrome wires placed in the 
Schaffer collateral pathway and recorded in the dendritic area (stratum radiatum) of the CA1 
region. LTP was induced using theta burst-patterned stimulation (five bursts at 5 Hz, each 
composed of 4 pulses at 100 Hz) repeated twice consecutively at 10 sec interval. The EPSP slope 
was monitored continuously and the results expressed as the ratio of the changes observed 30 
min and 60 min after stimulation versus baseline values. To analyze the NMDA component of 
burst responses, trains of 4 pulses at 100 Hz were elicited repetitively (0.03 Hz) using a priming 
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paradigm to suppress inhibitory responses. This was done by using a second stimulation 
electrode and evoking a synaptic response on a separate, independent input 200 msec prior to the 
burst response. The NMDA component was then determined as the difference between the burst 
responses recorded before and after application of 50 µM D-AP5. Facilitation was measured as 
the ratio of slopes of EPSPs evoked at short intervals (25-500 msec) using a paired-pulse 
paradigm.  
 
Synaptic Fatigue at the Neuromuscular Junction  
 
Experiments were carried out with the left hemidiaphragm incubated in a solution containing 
40% Leibovitz L-15 medium with the following ion concentrations (Na+ 1 mM, K+ 1 mM, Ca2+ 
2.5 mM, Mg2+ 1 mM) at pH 7.5 with HEPES. The phrenic nerve was stimulated via a suction 
electrode, and intracellular recordings of endplate potentials (EPPs) were performed. Membrane 
potentials were between –65 and –75 mV. Nerve stimulation was a train of 13 pulses delivered at 
100 Hz, once every 6 sec. Muscle fiber contraction were blocked by the addition of 1-1.5 µg/ml 
d-tubocurarine. At these concentrations, EPPs were between 1-3 mV in amplitude. Responses to 
15 to 30 consecutive stimulus trains were averaged for each endplate, and each averaged EPP 
amplitude in a train was expressed relative to the amplitude of the first average EPP of the same 
train. To avoid interference by non-linear summation (Martin, 1976), data collection in an 




Neurological tests:  
 
Aged-match groups (6-10 week old) Tg26, Tg200 and their WT littermates (n = 12 per group) 
were used to evaluate neurological functions as previously described (Higgins et al., 2001). 
Locomotor activity was measured in unfamiliar photocell cages (36 x 24 x19 cm, Benwick 
Electronics, UK), and both horizontal and vertical activity was recorded over a 60 min period.  
 
Morris Water Maze:  
 
One group of Tg26 and their WT littermates (n = 10 per group) were trained to find a fixed 
submerged platform (8 cm diameter, 1 cm below surface) within a circular pool (diameter, 1 m; 
height, 30 cm) filled with milky water (depth 20 cm; 21±1°C). Platform location was balanced 
within groups. External visual cues were placed around the pool to facilitate navigation of the 
animals. Each mouse received 1-2 training sessions per day over 5 consecutive days (2-3 trials 
per session) in which they were placed facing the wall of the pool and allowed to locate the 
hidden platform. The time the mouse needed to locate the target (escape latency) and the swim 
path and swim speed were measured using an automated video motility system (HVS Image, 
Hampton, UK). A maximum trial length was 60 sec. Assessments of spatial learning were 
conducted in probe trials performed 1 hr after session 3 and 5. In the second experiment, the 
probe test was also performed 5 days following the last training session. Escape latency data 
were analyzed with two-way ANOVA with genotype as independent factor and training sessions 
as repeated measures. The probe test data were analyzed with a one-way ANOVA. Posthoc 
comparisons were carried out using Newmann Keuls test. 
 
Active avoidance and shock threshold tests:  
 
Tg26 and their WT littermates (n = 12 per group) were tested. The active avoidance test was 
performed in four identical two-chamber boxes (Gemini II avoidance system, San Diego 
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Instruments, USA). Each box was equipped with a wire grid floor, stimulus light located on the 
ceiling of each compartment, and an automatic sliding door separating the two chambers which 
was kept open during the training. Animals received 20 trials per day (trial block) run over 10 
consecutive days. Each training session started with 5 min acclimation phase and animals were 
trained to avoid a 0.2 mA stimulus by responding to a visual cue light located in each chamber. 
A 20 sec inter-trial interval (ITI) was used. If the mouse did not cross within 10 sec of the cue 
presentation, a shock (0.2 mA) was delivered either until the animal crossed to the alternate side 
(escape response) or after 10 sec had elapsed. Shock threshold was determined for Tg26 and WT 
(n = 6 per group). Each mouse was tested in operant chamber (14 x 14 x 13 cm; Med Associates, 
VT) with a wire grid floor and given manually 1 sec foot shocks. Shock levels began at 0.05 mA, 
and increased in 0.05 mA steps with 30 sec interval between shocks, until both flinch (any 
detectable response) and vocalization had been induced. Active avoidance data analysis was 
conducted by two-way ANOVA with genotype as independent factor and training sessions as 
repeated measures. Posthoc comparisons were carried out using Newmann Keuls test. 
 
Light/dark exploration and startle tests:  
 
Ten Tg26 and ten WT mice were tested in the light-dark test as described previously (Kew et al., 
2000). The time spent in each compartment, the number of attempts to enter the lit compartment 
and the number of transitions from the dark to the illuminated compartment was recorded during 
the 5 min test period. Differences between lines were compared with Student’s t-test. Startle 
testing was conducted in startle devices (SR-LAB, San Diego Instruments, USA) as described 
previously (Kew et al., 2000). Each session was initiated by a 5 min acclimation period followed 
by five successive 110-dB trials. These trials were not included in the analysis. Ten different trial 
types were then presented: startle pulse alone (ST110, 110 dB/40 msec); six different prepulse 
trials in which either 20 msec-long 74, 82, or 90-dB stimuli were presented alone (P74, P82 and 
P90) or preceded the 110-dB pulse by 100 msec (PP74, PP82 and PP90); and finally one trial in 
which only the background noise was presented to measure baseline movement in the cylinders. 
All trials were presented in pseudo-random order, and the average inter-trial interval was 15 sec. 
Analysis of the data was carried out with a two-way ANOVA with genotype as independent 






Generation and selection of transgenic mice overexpressing NCS-1  
 
Several transgenic (Tg) mouse lines were constructed using the full-length coding sequence of 
the chick neuronal calcium sensor-1 (cNCS-1) and a small region of its 3’-untranslated region 
placed under the control of the Thy1 promoter. This promoter drives neuron-specific 
transcription of the transgene starting only in postnatal stages P6-10 (Kelley et al., 1994, Caroni 
et al., 1997) therefore strongly reducing the potential problems associated with the 
overexpression of the transgene during embryonic neuro-development. The specific expression 
of the thy1::cNCS-1 gene construct was determined by in situ hybridization (ISH) of serial brain 
and spinal chord sections derived from adult Tg mice. To differentiate from the endogenous 
mouse ncs-1 transcripts, we used the 3’-untranslated region of the chick NCS-1 cDNA as 
antisense probes (Fig. 27.A). Based on cNCS-1 transcript distribution and expression level in the 
brain, two independent transgenic lines, named Tg26 and Tg200, were selected. The overall and 
specific brain distributions of cNCS-1 positive signals for both Tg lines were determined and are 
shown in Figure 27 and Table 5. Overexpression of cNCS-1 in Tg26 was observed in only two 
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main regions: 1) the hippocampus, with the pyramidal cell layers of the CA1-2-3-4 region and 
the granule cell layer of the dentate gyrus, and 2) the spinal chord, with the motorneurons and 
few sensory nuclei in the medulla (Fig. 27.A, Table 5). Weak, but detectable, labeling in Tg26 
was also observed in the superior colliculus and the deep cerebellar nuclei. With Tg200, 
however, cNCS-1 overexpression was significantly higher in the hippocampus and 
motorneurons, and was observed in several additional brain regions. Indeed, moderate-to-strong 
cNCS-1 labeling was observed in the neocortex, pons, parts of the limbic cortex, olfactory, 
auditory and visual systems, thalamus and hypothalamus as well as the cerebellum (Fig. 27.A, 
Table 5). cNCS-1 signals in the hippocampus were clearly stronger in Tg200 than in Tg26 (Fig. 
27.B, C and D), and not surprisingly, corresponded to higher amount of total NCS-1 protein in 
the hippocampus (Fig 27.F). A scan analysis of the Western blot NCS-1 signal intensity 
indicated that, when compared to the WT endogenous level, the total amount of NCS-1 was two-
fold higher in Tg26, and six-fold higher in Tg200. NCS-1 overexpression was also higher in 
motorneurons of Tg200 when compared to Tg26 (Fig. 27.E). Overall, the thy1::cNCS-1 
expression was stronger and broader in glutamatergic and cholinergic structures than in 
monoaminergic structures. For both Tg26 and Tg200 lines, no cNCS-1 overexpression could be 































Figure 27. Expression of the thy1::ncs-1 transgene in lines Tg 26 and Tg 200 (A) In situ hybridization using a 
digoxigenin-labelled cRNA antisense probe complementary to the 3’UTR of the chick NCS-1 (cNCS-1) transgene. 
As expected, control WT sections show no specific signal whereas strong signals are observed in parasagital 
sections from mouse transgenic lines Tg26 and Tg200. Overexpression of cNCS-1 in Tg26 is restricted to the 
hippocampus and spinal cord, whereas the overexpression of NCS-1 in the nervous system of Tg200 is 
WT Tg 26 Tg 200
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quantitatively and spatially broader (see Table I for details). (B) Relative overexpression level of cNCS-1 in the 
hippocampus of Tg26 and Tg200. Enlargement of the hippocampus region shown in (A). Note the higher level of 
cNCS-1 transcripts in Tg200. (C) Enlargement of the CA1 region from hippocampus shown in (B). (D) Enlargement 
of the CA3 region from hippocampus shown in (B). (E) No cNCS-1 signals are detected in lumbar spinal cord slices 
prepared from control WT littermates whereas medium (Tg26) to strong (Tg200) signals are detected with the Tg 
lines overexpressing NCS-1. (F) Total amount of NCS-1 protein in the hippocampus of WT, Tg26 and Tg200 
animals. Western blot analysis using 30µg of total hippocampal protein extracts and a polyclonal antibody against 
vertebrate NCS-1 reveals, as compared to control WT animals, a 2-fold increase in the level of NCS-1 in Tg26 













































Table 5.        cNCS-1 transcripts distribution in transgenic lines Tg26 and Tg200
Nervous System Structures Tg26 Tg200
Forebrain
Olfactory bulb
   olfactory tubercle - -
   accessory olfactory bulb - +
   external plexiform layer - +
Neocortex
   layer I - -
   layers II-VI - +++
Limbic cortex
   amygdala - ++
   nucleus accumbens - -
   hippocampus (CA1-CA4) ++ +++
   dentate gyrus ++ +++
   globus pallidus - ++
   ventral pallidus - ++
   piriform cortex - ++
   striatum - -
Midbrain
Thalamus
   thalamic nuclei - +
   subthalamic nuclei - +
Hypothalamus
   anterior hypothalamus - +
   posterior hypothalamus - -
Pituitary - -
Pons
   inferior colliculus - ++
   superior colliculus + +++
   periaqueducal gray - +
   red nucleus - ++
Medulla Oblongata
   pontine nuclei + ++
   facial nuclei - ++
   reticularis gigantocellularis nuclei + ++
   trigeminal nuclei + ++
   vestibular nuclei + ++
Cerebellum
   molecular layer - -
   deep cerebellar nuclei + ++
   Purkinje cells - +
Spinal Cord
   motoneurones + ++
   white matter - -
- no signal; + weak cNCS-1 signal; ++ moderate cNCS-1 signal,  +++ strong cNCS-1 signal
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Light microscopy and histological analyses of Tg26 and Tg200 revealed no major anatomical or 
cellular differences in the nervous system and the architecture of the hippocampus and of the 
spinal chord were normal. A detailed analysis of changes occurring at the NMJ of Tg26 and 
Tg200 during post-natal development indicated that the total number of synapses, the shape and 
morphology of end plates, as well as the amount of nerve sprouting were similar to WT 
littermates (data not shown). 
 
 
Enhancement of Hippocampal Long Term Potentiation in Tg26 and Tg200 
 
Upon theta-burst patterned stimulation of the Schaffer collaterals, CA1 pyramidal neurons in 
slices prepared from the hippocampus undergo a phenomenon called long term potentiation 
(LTP). To investigate the potential role of NCS-1 overexpression in this form of plasticity, we 
measured and compared LTP levels in Tg26, Tg200, and WT littermates. Slices overexpressing 
NCS-1 had a significantly larger LTP (Fig. 28.A). As measured 30 minutes after the initial 
stimulus, the LTP enhancement was superior in Tg200 as compared to Tg26, and was 
significantly larger in Tg26 as compared to WT. These observations could be directly correlated 
to the relative amount of NCS-1 present in the hippocampus (Fig. 28.B). Therefore, our data 
strongly suggested that the observed enhancement of LTP in CA1 neurons was NCS-1 dose-
dependent, with the highest amount of NCS-1 resulting in a larger LTP. Furthermore, the 
statistically significant enhancement of LTP was present from the onset of LTP and lasted for as 
long as 70 min after the initial stimulation, suggesting that the effect of NCS-1 overexpression 
















Figure 28. Enhancement of LTP in area CA1 of the hippocampus is NCS-1 dose-dependent. (A) Changes in 
EPSP slope induced by theta-burst patterned stimulation in hippocampal slices prepared from WT (n = 4), Tg26 (n = 
4) and Tg200 (n = 4) animals. The CA1-LTP levels obtained 30 min after stimulation are: 181.81% +/- 9.1 (n = 13) 
for Tg200, 162.62% +/-5.73 (n = 13) for Tg26, and 144.96% +/-5.75 (n = 41) for WT. The LTP enhancement 
produced by the overexpression of NCS-1 is larger in Tg200 than in Tg26 or WT, and is statistically significant 
(measured 30 min after the initial stimulation) between Tg200 and WT (p<0.007), between Tg26 and WT (p<0.02), 
and between Tg200 and Tg26 (p<0.06). Note that LTP is enhanced from the onset and lasts at least 70 min under 
these experimental conditions. (B) Correlation between NCS-1 and LTP enhancement levels in area CA1 30 min 
after the initial stimulation. There is a good correlation between the amount of NCS-1 and the resulting LTP. The 
higher level of NCS-1 produces the largest enhancement of LTP. 
 
 
Since the induction of LTP is known to be critically dependent upon NMDA receptor activation 
(Bliss and Collingridge, 1993, Nicoll and Malenka, 1995), we tested whether or not the LTP 
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post-synaptic responses (EPSPs). When burst responses used to induce LTP in the presence or 
absence of the NMDA receptor antagonist D-AP5 were analyzed, a significant difference in 
EPSPs could be observed between Tg200 and WT littermates. The summation of responses 
within the bursts was much larger in Tg200 than in WT (Fig. 29.A). The difference was 
particularly important when comparing the last bursts in the series of 5 used to induce LTP. As a 
result of this, the size of the NMDA component of these burst responses was also proportionately 
enhanced in Tg200 (Fig. 29.B), indicating that the NCS-1 effect on LTP was probably mediated 























Figure 29. NCS-1 overexpression enhances burst and NMDA receptor dependent responses. (A) Enhancement 
of the summation of responses during the trains used to induced LTP. Upper panel: the traces represent responses 
elicited by a single stimulation or by the first and fifth train used to induce LTP in Tg200 and WT hippocampal 
slices. The fifth train is slightly shifted to the right for visibility. Lower panel: area under the burst responses 
expressed for each train as percent of the area under the EPSP evoked by a single stimulation in Tg200 and WT 
slices. Overexpression of NCS-1 results in larger responses during the trains that further increase with the number of 
bursts. (B) Upper panel: primed burst responses of the type used to induce LTP recorded before and after application 
of the NMDAR antagonist D-AP5 at 50µM. Each trace is the mean of four consecutive records, and the difference 
between the two records reflects the NMDA-receptor dependent component of burst responses. Lower panel: size of 
the NMDA receptor component of burst responses expressed as percent of the area under the burst EPSP in slices 
prepared from Tg200 mice (black column, n = 9) and WT mice (dashed column, n = 8). The NCS-1 overexpression 
induces a higher and significant increase (p<0.05) of NMDA-receptor dependent component of EPSPs. 
 
 
This observation, and particularly the enhanced summation of high frequency responses, was 
consistent with a presynaptic modulation of facilitation properties by NCS-1. As illustrated in 
Figure 30, paired-pulse facilitation was indeed found to be enhanced in a NCS-1 dose-dependent 
manner, Tg200 being better than Tg26, itself better than WT (Fig. 30.A and B). The observed 
differences were statistically significant. The facilitation increase was observed at all time 
intervals tested, and was not associated with a change in the time course of facilitation (Fig. 
30.B). As facilitation essentially reflects presynaptic mechanisms, these results strongly 
suggested a presynaptic role for NCS-1. Taken together, our data suggested that the enhancement 
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through an increased paired-pulse facilitation and better summation of responses during high 
















Figure 30. Enhancement of paired-pulse facilitation is NCS-1 dose-dependent. (A) Paired-pulse responses 
elicited at 50 msec interpulse interval in area CA1 of slices from WT and Tg200 animals. The horizontal dotted line 
shows, for comparison, the maximum amplitude of the first EPSP. Note the enhanced facilitation in Tg200 slices. 
Scale is indicated. (B) Degree of facilitation (mean +/-SEM) obtained in hippocampal slices from WT (n = 14), 
Tg26 (n = 7) and Tg200 (n = 5) mice and calculated for various interpulse intervals as the ratio of the amplitude of 
the second over the first response elicited by a paired stimulation. Differences are statistically significant for 
interpulse intervals of 20-250 msec between WT and Tg26/Tg200, and for interpulses of 20-100 msec between Tg26 
and Tg200. The enhancement of paired-pulse facilitation is clearly NCS-1 dose-dependent, and is best explained by 
a presynaptic effect (i.e. increased neurotransmitter release). 
 
 
Similarly, a higher amount of NCS-1 in motorneurons could also contribute to an increase of 
neurotransmitter release at NMJ. To test this hypothesis, end plate potential (EPP) amplitude 
analyses were performed with Tg200, the line with the highest level of NCS-1 at NMJ. Under 
normal physiological conditions, a train of stimuli applied to a motor nerve will evoke a 
depression of EPP amplitudes during the train, a phenomenon called synaptic fatigue that is 
caused by the depletion in the pool of vesicles ready to be fused to the synaptic membrane for 
















Figure 31. Enhancement of presynaptic transmitter release by NCS-1. Experiments with the left hemidiaphragm 
muscles of Tg200 and WT are shown. Relative end plate potential (EPPs) (means +/- SEM; n = 4 muscles) in 100 
Hz trains of 13 stimuli, are applied once every 6 seconds, and 5-12 endplates are analyzed per muscle with an 
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Tg200, which is also observed (data not shown) by an increase of extracellular Ca2+. Therefore, enhanced 
neurotransmitter quanta release during initial stimuli create a depletion in the pool of “ready to be secreted” 
transmitter vesicles, causing a synaptic fatigue. (B) Illustration of averaged endplate potentials from WT and Tg200 
motor endplates. Scale is indicated. 
 
 
In response to identical stimulus trains, Tg200 showed, after normalization, a more severe 
depression than WT controls using the diaphragm NMJ preparation (Fig. 31.A and B). These 
data indicated that NCS-1 overexpression was enhancing presynaptic neurotransmitter release 
and causing a rapid depletion of the pool of synaptic vesicles ready to be secreted at NMJ. The 
same phenomenon of neurotransmitter vesicle depletion occurs when the calcium concentration 
in the extracellular bath is increased. These finding suggested that the presynaptic 
overexpression of NCS-1 had a similar effect than increasing the extracellular calcium ion 
concentration, and subsequently, than increasing intracellular calcium signaling. 
 
Enhancement of Learning and Memory Behaviors with Tg26 
 
The electrophysiological studies indicated that NCS-1 was facilitating LTP in the hippocampus, 
a form of synaptic plasticity that plays a major role in learning and memory processes. We 
therefore investigated Tg26, Tg200, and WT littermates for neurological and cognitive functions. 
Initial examination revealed no overt neurological phenotype, and mice from both Tg26 and 
Tg200 lines showed good general health and normal body weight growth when compared to WT. 
No differences in motor coordination, swim ability, balance and muscular functions were 
detected, and furthermore, no significant differences were noted between the three groups in 
terms of general open field activity (see below, supplementary information, Fig. 35 and Table 6). 
 
In a preliminary water maze experiment using a massed trials protocol, (i.e. 3 trials/block, 2 
blocks/day), both WT controls and the Tg26 line showed equivalent cued and spatial learning, 
although Tg200 line demonstrated a mild impairment in spatial learning as revealed by a probe 
test conducted 25 days post training. Importantly, cued learning and swim speeds were similar 
between the groups (see below in supplementary information, Fig. 36).  
 
We, therefore, decided to focus on the Tg26 line, in which NCS-1 overexpression was restricted 
to the hippocampus, speculating that the wider and quantitatively greater expression of NCS-1 in 
Tg200 may be detrimental to cognitive performance. Using a spaced-trial water maze protocol in 
experimentally naïve mice, (i.e. 2 trials/block, 1 block/day, 5 days) both WT and Tg26 mice 
showed similar rate of acquisition (Fig. 32.A). However, a probe test conducted 1 hr after the 5th 
trial block revealed improved spatial preference for the platform location in the transgenic line 
Tg26 (Fig. 32.B). A further 5-trial block was conducted (Week 3; Fig. 32.C), and on this 
occasion the Tg26 line was significantly faster than WT controls in terms of latency to locate the 
platform. Probe tests conducted after block 3 (data not shown) and block 5 during this phase 
were consistent with improved learning in the Tg26 mice (Fig. 32.D). A final probe test was 
conducted 5 days after the second phase (Week 3), and again, indicated superior performance in 
the Tg26 mice compared to WT (Fig. 32.E). At this time point, Tg26 mice, but not the WT 
controls, still exhibited a significant preference for the platform quadrant, thus revealing better 











































Figure 32. Spatial memory in Morris water maze task is improved in the NCS-1 overexpressing line Tg26. (A 
and C) Comparison between Tg26 line and WT littermate controls on the acquisition of spatial water maze learning 
for a hidden platform using a spaced trials procedure (3 trials/day, 10 min ITI). No significant difference in latency 
(F(1,18) = 1.0, NS) or swim speed (F(1,18) = 2.3, NS) was recorded (Week 1). After a seven day interval, a second 
spaced trials procedure was conducted (Week 3), identical in design to Week 1. In this study phase, a main effect of 
group on latency factor was noted (F(1,18) = 4.8, p<0.05). (B) Probe tests were conducted 1 hr after trial block 3 (data 
not shown) and block 5 in each study phase as indicated by the arrow. Neither group showed any spatial bias after 
trial block 3 on Week 1, however by trial block 5, the Tg26 line had developed a significant platform quadrant 
preference (Tg26 line: F(3,27) = 9.3, p<0.01; WT: F(3,27) = 1.5, NS). Furthermore, Tg26 mice made significantly more 
platform crossings reflecting greater accuracy of search. 1 = adjacent left quadrant, 2 = platform quadrant, 3 = 
adjacent right quadrant, 4 = opposite quadrant. The median path plots for each group are also presented. (D) Probe 
tests performed during Week 3, revealed improved performance of the Tg26 line on each occasion, e.g. the data 
represent performance for the probe test conducted after trial block 5 (arrow), where the Tg26 line made more 
platform crossings and had greater spatial preference for the platform quadrant compared to controls. After trial 
block 3 (data shown below) only the Tg26 line had a significant preference for the platform quadrant (Tg26 line: 
F(3,27) = 11.4, p<0.01; WT: F(3,27) = 1.3, NS; platform crossings: Tg26 9.2+1.0, WT 5.4+0.8, p<0.01). (E) Probe test 
conducted 5 days after Week 3, again indicated an improved spatial recall for the platform location in the Tg26 line 
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To further investigate differences in learning ability between Tg26 and WT mice, a conditioned 
active avoidance test was conducted. Another group of experimentally naïve mice was tested for 
avoidance to a scrambled foot shock signaled by a visual conditioned stimulus. Tg26 mice 
showed improved learning performances during the training as compared to the WT mice (Fig. 
33.A). The greatest differences between the two lines were detected at the 3rd and 4th trial block. 
By the 5th session, Tg26 mice reached nearly a maximal level of performance, while WT mice 
reached a similar level of performance only by the 8th trial block. The Tg26 animal group also 
displayed significant lower avoidance latencies compared to the WT mice (Fig. 33.B). In 
contrast, no differences in the escape latencies were detected between Tg26 and WT mice, 
consistent with both groups displaying similar responses to the electrical shock (data not shown). 
To further assess possible differences in pain perception between the two lines, shock threshold 
was assessed at the end of the active avoidance test. The shock levels at which Tg26 and WT 
mice first detected the shock (flinch) or emitted vocalizations were similar (flinch: WT = 
0.15±0.0 mA and Tg26 = 0.14±0.1 mA; vocalizations: WT = 0.42±0.0 mA and Tg26 = 0.40±0.1 
mA). This suggested that the improved learning ability of Tg26 mice was not a consequence of 
















Figure 33. Improved associative memory (active avoidance) with the NCS-1 overexpressing line Tg26. (A) 
Active avoidance learning, with the Tg26 line showing increased acquisition compared to WT (genotype x trial 
block interaction F(9,198) = 1.9, p<0.05). (B) The Tg26 line demonstrates significantly lower avoidance latencies 
(strain effect F(1,19) = 11.9, p<0.05). Note that escape latencies (data not shown) were similar between the two groups 
(genotype x trial block interaction F(9,81) = 0.8, p>0.05). 
 
 
Because differences in anxiety or stress-reactivity might underlie differences in learning 
performance between Tg26 and WT mice, responses to aversive stimuli were also determined 
and compared. We first studied the innate avoidance behavior of the Tg26 and WT mice for a 
bright environment using the light-dark test. No differences in anxiety measures were detected 
between the two lines. The amount of time spent in the illuminated compartment and the number 
of transitions between the light and dark compartments were comparable for the two lines (data 
not shown). We also compared the defensive reactions of the animals to various acoustic stimuli 
(74, 82, 90 and 110 dB). Again, Tg26 and WT mice displayed a similar startle reflex threshold 
(see below in supplementary information, Fig. 37). In the same procedure we investigated 
whether or not NCS-1 overexpression influenced prepulse inhibition (PPI) of acoustic startle, 
which is also dependent on hippocampal function. PPI is the modulation of the startle response 
by a weak prepulse, and is considered to be an index of sensorimotor gating which is the process 















































differences were detected in the levels of PPI between Tg26 mice and their WT littermates at any 






In the present study, we have selected two transgenic mouse lines, Tg200 and Tg26, 
overexpressing the vertebrate neuron-specific Ca2+-binding protein NCS-1 to study the 
involvement of this protein in synaptic plasticity and associative learning and memory. Line 
Tg26 was selected because the level of NCS-1 overexpression is small and restricted to the 
hippocampus and motorneurons, whereas Tg200 was chosen because the overall level of NCS-1 
overexpression is higher and its brain distribution is broader. Both lines show enhanced LTP, but 
interestingly, only Tg26 exhibits improved spatial learning using the Morris water maze and 
active avoidance tasks. Tg26 animals demonstrate faster acquisition and longer retention, an 
observation similar to the one obtained with C. elegans overexpressing NCS-1 (Gomez et al., 
2001). Therefore, a common pathway for learning and memory that is Ca2+/NCS-1-dependent 
exists in both invertebrates and vertebrates.  
 
At the cellular level, the overexpression of NCS-1 resulted in dose-dependent increase of LTP in 
the CA1 region of the hippocampus. It is tempting to relate the improved learning abilities of 
Tg26 mice to the long lasting increase in the synaptic efficacy revealed in the hippocampus. 
Although the increase of LTP was only determined in CA1 region of the hippocampus, it is most 
likely that NCS-1-dependent LTP facilitation also occurs in the dentate gyrus, and in other CA 
neurons of the hippocampus where NCS-1 is overexpressed. Our present findings extend 
previous studies describing “smart” mice that have modified levels of expression for key 
synaptic components known to be important for the induction and/or maintenance of LTP such 
as the NMDA receptor subunit NR2B (Tang et al., 1999), tissue-type plasminogen activator 
(Madani et al., 1999), growth associated protein GAP-43 (Routtenberg et al., 2000), or 
calcineurin (Malleret et al., 2001), where both LTP and spatial learning tasks are increased. 
These data are also consistent with several other observations where mice with a genetic 
disruption or alteration of a crucial synaptic element such as αCaMKII (Silva et al., 1992a), 
CREB (Bourtchuladze et al., 1995) or NR1 (Tsien et al., 1996a) have no or lower LTP together 
with impaired learning and memory skills. However, observations made with other genetically 
targeted mice have questioned the strength of the link between LTP and associative learning. 
Indeed, knock-outs of AMPA receptor subunits GluRA (Zamanillo et al., 1999), of PSD-95 
(Migaud et al., 1998), of PTPδ (Uetani et al., 2000) produce animals with altered LTP levels 
which are not matched with comparable learning performances. Tg200 animals with a broad and 
strong overexpression of NCS-1 in several brain regions exhibit a large enhancement of 
hippocampal CA1 LTP that does not correlate with improved spatial learning performance 
known to be dependent on interactions (e.g. antagonism, competition, synergism) between the 
hippocampus and other brain structures (Rossi-Arnaud and Ammassari-Teule, 1998, Kim and 
Baxter, 2001). The limited learning performance of Tg200 animals despite enhanced LTP levels 
could reflect the inhibitory effect of NCS-1 overexpression in other corticolimbic structures 
known to exert an inhibitory control on spatial information processing. Clearly, the 
hippocampal-specific overexpression of NCS-1 in Tg26 animal produces both a significant 
enhancement of LTP and better learning. Despite the synaptic fatigue observed by 
electrophysiological recording at the NMJ, we found that Tg26 (as well as Tg200) animals have 
normal general motor performance as determined by muscular strength, locomotor activity or 
swim ability testing. The neurophysiological change produced by NCS-1 overexpression at the 
NMJ is too subtle and undetectable at behavioral level. It should be also stressed that Tg26 mice 
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exhibit normal emotional behavior with a normal defensive reaction to acoustic stimuli and 
normal neophobic responses in the light-dark test. This implies that the improved learning ability 
of Tg26 mice is not a consequence of changes in stress reactivity caused by overexpression of 
NCS-1 in the hippocampus. This is an important observation given the central role of the 
hippocampus in the modulation of stress and anxiety-related behaviors (Gray, 1982). NCS-1 may 
be an essential component of the neural circuitry subserving learning and memory processes. In 
line with this observation, it was recently shown that, in the rat hippocampus, LTP produces a 
transient induction of the NCS-1 mRNA (Genin et al., 2001). Together, these findings suggest 
that overexpression of NCS-1 in the hippocampus may facilitate learning and memory processes 
by affecting many important neuronal functions including neurotransmitter release, intracellular 
calcium signaling, synaptic plasticity, and could be part of a pathway composed of several 
targets required for the formation of new memories.  
 
Interestingly, the magnitude of LTP enhancement is well correlated with the amount of NCS-1 
present in the hippocampus, as well as with the increase in properties of facilitation, and in fact, 
they could be causally related. By enhancing the summation of responses within high frequency 
bursts, the increased facilitation could lead to a larger depolarization of activated synapses, an 
enhancement of NMDA receptor dependent responses, and a facilitated induction of LTP. The 
NCS-1-dependent increase in LTP would, thus, be mediated by a presynaptic mechanism (see 
model in Fig. 34). This interpretation is consistent with the results on synaptic fatigue analysis 
obtained at the NMJ as well as with evidence for a presynaptic enhancement of neurotransmitter 
release by NCS-1 in flies (Rivosecchi et al., 1994) and frogs (Olafsson et al., 1995, Wang et al., 
2001). At NMJ, synaptic depression is caused by a progressive decrease in the mean number of 
transmitter quanta released by each action potential. Either the depletion in the pool of releasable 
vesicles (Mallart and Martin, 1968), or the modulation of release from the presynaptic terminal 
by adenosine (Redman and Silinsky, 1994) has been proposed to mediate synaptic depression at 
NMJ. Our data are consistent with the idea that, in the presynaptic nerve terminals of 
motorneurons overexpressing NCS-1, Ca2+ influx/signaling is increased or sequestering of Ca2+ 
is impaired as compared to WT. The increased number of transmitter quanta released during 
initial AP is technically difficult to determine at vertebrate NMJ, but is likely to induce 
subsequent synaptic fatigue and diminished responses. NCS-1 enhanced calcium signaling 
mechanisms could also be involved during LTP in hippocampal slices of NCS-1 transgenic 
animals, as shown here (Fig. 28). The calcium sensors necessary for vesicle fusion are far from 
saturation at normal release probability (Neher, 1998). This non-saturation, and the high 
intracellular calcium cooperativity triggering vesicle fusion, make fast synaptic transmission 
very sensitive to modulation by changes in local [Ca2+]i (Schneggenburger and Neher, 2000). 
Those changes could be detected, beside synaptotagmin (Voets et al., 2001), by the calcium 
sensor NCS-1 provided its high affinity (0.3 µM) and reactivity for Ca2+. However, our data 
analysis does not exclude a postsynaptic role for NCS-1 since it is clearly present on both sides 
of the synapse (Martone et al., 1999). In the absence of a proven NCS-1-dependent molecular 
pathway in vivo, and due to fact that NCS-1 binds multiple targets in a Ca2+-dependent or Ca2+-
independent manner, the proposed mechanism represents only a working hypothesis. NO 
synthase, PDE, calcineurin are among the targets known to be regulated by NCS-1 in vitro 
(Schaad et al., 1996), but recently, other NCS-1 targets have been discovered such as 
phosphatidylinositol 4-OH kinase (Zhao et al., 2001), Kv4 K+ channel (Schaad et al., 1996, 
Nakamura et al., 2001), N-type Ca2+ channel (Wang et al., 2001), or P/Q type Ca2+ channels 
(Weiss and Burgoyne, 2001). It remains to be determined which one of these targets relays 
























Figure 34. Model for the enhancement of synaptic strength by NCS-1. Although located at both sides of the 
synapse, the neuron-specific calcium sensor NCS-1, in this model, serves as a modulator of neurotransmitter release 
where the level of presynaptic NCS-1 activity regulates the probability of release. As a result of the NCS-1 
modulation effect, excitatory postsynaptic potential responses are increased via AMPA and NMDA receptors 





The present study shows that NCS-1 overexpression in the mouse produces a dose-dependent, 
presynaptically mediated increase of LTP and enhancement of neurotransmitter release. 
Overexpression of NCS-1 in the hippocampus has no visible effect on emotional responses, but 
facilitates associative learning and memory processes in both invertebrate and vertebrate animal 
models. This is due to the very high level of conservation of NCS-1 primary structure through 
evolution, and reveals a common Ca2+/NCS-1-dependent signaling pathway, which serves as a 
basic mechanism to regulate synaptic efficacy in different neuronal populations. Indeed, 
associative learning and memory in C. elegans requires the function of and Ca2+ signaling via 
NCS-1 in a single interneuron, whereas in the mouse, NCS-1 regulates the synaptic efficacy at 
the presynaptic terminals (i.e. CA3 neuronal projections on CA1 neurons in the hippocampus, or 
motorneuron end-plates) that form a very dense and relatively complex network. It is therefore 
very likely that Ca2+/NCS-1-dependent signaling will be conserved in higher vertebrates, such as 
monkeys and humans. Provided safe and efficacious gene-delivery systems, we postulate that 
overexpression of NCS-1 in the human hippocampus could overcome cognitive deficits 





Transgenic mice overexpressing NCS-1: Supplementary Information 
 
 
Neurological assessment of NCS-1 transgenic mice  
 
Grip strength was assessed quantitatively using a digital strain gauge; animals holding a 
triangular bar were gently pulled away from the gauge by the tail until release. The gauge 
remained at the maximum deflection; three readings were taken for each mouse. Time spend on 
a horizontal wire was measured. The rotarod tests assessed the ability of mice to learn a simple 
motor coordination task consisting on a rotating rotor turning at 16 or 32 rpm, mice were let on 
the rotor for maximum 2 min. In each experiment, N=12 mice of each genotype. Overall there 











Swim test and general open field activity 
 
To test their ability to swim (and not to stay immobile), mice were allowed to swim in a linear 
pool (1 m long x 10 cm wide x 30 cm deep). Their swim time was measured until they reached 
the escape platform situated at the opposite extremity of the start for a maximum of 2 min (Fig. 
34.A). Horizontal (Fig. 34.B) and vertical (Fig. 34.C) locomotor activity was measured over 60 
min in unfamiliar photocell cages as described (Higgins et al., 2001). Overall, no significant 
difference could be observed between genotypes, suggesting that NCS-1 overexpression had no 














Figure 34. Tg26 and Tg200 have normal locomotor activity. (A) Average swim time ± SEM spent for 
escaping the linear swimming pool. (B and C) Bars reflect the number of photocell crossing in Benwick Electronic’s 
photocell cage both horizontally (B) and vertically (C). N=12 mice for each genotype. No significative difference in 
swim speed, locomotion or rears could be observed or measured between the genotypes (P > 0.05). 
Table 6.        NCS-1 transgenic mice: neurological assessment
WT Tg26 Tg200
Bodyweight [g] 25.6 ± 1.8 25.9 ± 1.6 25.8 ± 1.6
Rectal temperature[°C] 38.6 ± 0.7 38.6 ± 0.7 38.7 ± 0.5
Grip Strength [g] 118.0 ± 17.5 124.6 ± 19.8 108.3 ± 20.6
Horizontal wire test [s] 30.3 ± 21.9 20.1 ± 19.4 28.9 ± 21
Rotarod 16 rpm [s] 116.3 ± 13.0 112.1 ± 18.0 119.0 ± 3.5
Rotarod 32 rpm [s] 82.9 ± 35.8 91.9 ± 33.0 91.6 ± 38.5
Values are average ± SEM
Genotype































Preliminary Morris water maze test 
 
In a first Morris water maze experiment, WT, Tg26 and Tg200 line displayed equivalent swim 
speed, path-length and escape latencies (Fig. 36.A, B and C) indicating that cued learning was 
not changed in Tg26 or Tg200 animals. However, a probe test performed during training (Fig 
36.E) revealed a very mild impairment in spatial learning for Tg200. After the training, no 
differences could be observed between Tg26 and Tg200 when compared to WT (Fig. 36.F). 
Further probe test conducted 5 days (Fig. 36.G) and 25 days (Fig 36.H) after training revealed a 
slight impairment in retention after training for Tg200. We here decided to focus on Tg26 line, in 
which overexpression of NCS-1 is limited to the hippocampus, hypothesizing that the broader 




Fig. 36. Preliminary Morris water 
maze. Comparison between Tg200, Tg26 
line and WT littermate controls on the 
acquisition of spatial water maze learning 
for a hidden platform using a massed trials 
procedure (3 trials/block, 2 blocks/day; 4 
cued blocks followed by 8 placed blocks, 
N=10 mice of each genotype). Average 
swim speeds (A), escape latencies (B) and 
average path-lengths (C) were equivalent 
for all genotypes, differences were 
statistically insignificant (P > 0.05). 
Probe tests performed 1 h after the 4th 
block (E), 1 h after the 8th block (F), 5 
days (G) and 25 days (H) after training 
revealed a slight impairment for Tg200. 
Bars indicate the percentage of time spend 
by mice in each quadrant (L: left 
quadrant, I: island quadrant; R: right 
quadrant; O: opposite quadrant relatively 
to the Island quadrant). * indicates 
statistical difference from all other 
quadrants, + indicates statistical difference 





















































































































































































Probe: 25 days after the training
* *
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Auditory startle and PPI of the startle reflex 
 
Prepulse inhibition of acoustic startle reflex is a behavioral measure (e.g. habituation) of 
sensorimotor gating (Geyer et al., 1990, Crawley, 2000) in which, a weak acoustic stimulus 
inhibits subsequent response to a stronger stimulus if presented within ~100 msec. For mice, an 
electrostatic sensor measuring the amplitude of the animal’s movement within a cylinder 
quantitates the body flinch. Abnormalities in the magnitude of responses may reflect a deficit in 
processing and prioritizing incoming sensory information (Crawley, 2000). Tg26 mice exhibited 
normal magnitude of the acoustic startle response when compared to WT animals (Fig. 37). The 
startle threshold was also similar between WT and Tg26 animals. Further, the magnitude of the 
startle in response to a strong 110-dB stimulus (reactivity), diminished with increasing prepulse 
stimulus in a comparable manner in Tg26 and WT animals (Fig. 37). Together, the results 
suggest that overexpression of NCS-1 in the hippocampus has no consequences on the 
habituation of startle. 
 
 
Figure 37. Magnitude of the 
acoustic startle response was tested for 
WT and Tg26 mice. Mean magnitude ± 
SEM (N = 10 mice for each genotype) of 
the startle response to various acoustic 
stimuli (NS: no stimulus, P74, P82 and 
P90: acoustic stimuli of 74, 82 and 90-dB, 
respectively; ST110: 110-dB stimulus; 
PP74, PP82 and PP90: 110-dB stimulus 
preceded by a prepulse of 74, 82 and 90-
dB, respectively). White Bars: WT; Black 
bars: Tg26. Overall, no significant 







Startle Threshold             Reactivity 
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Tissue distribution of the cNCS-1 transgene in Tg26 and Tg200 mice 
 
Table 7.A to 7.D describes the distribution pattern of the cNCS-1 transgene in brains from Tg26 
and Tg200 transgenic lines as assessed by carefull observation of in situ hybridizations 














































Table 7.A. cNCS-1 transcript distribution in transgenic lines Tg26 and Tg200
Nervous System Structure Tg26 Tg200
Telencephalon
Olfactory bulb
anterior olfactory nucleus - -
external plexiform layer, olfactory bulb + +
glomerular layer, olfactory bulb - -
intermediate granular layer, olfactory bulb - -
mitral cell layer, olfactory bulb - -
Cortex, limbic cortex
entorhinal cortex - +
cortical layers I-VI - ++
nucleus accumbens (shell and core) - -
caudate putamen - -
endopiriform cortex, dorsal/ventral - +
globus pallidus - +
medial forebrain bundle - +
piriform cortex - ++
ventral pallidus - +
anterior amygdaloid area - +
basolateral amygdaloid nucleus - ++
central amygdaloid nucleus - -
cortical amygdaloid nucleus (ant, posteromedial) - +
amygdalohip area - +
medial amygdaloid nucleus - +
basomedial amygdaloid nu - +
bed nucleus, stria terminalis - -
cortex amygdaloid transition zone - ++
horizontal limb diagonal band - +
substantia innominata - +
vertical limb diagonal band - +
Ammon's horn field 1-3 (hippocampus) + ++
dentate gyrus - ++
fornix - -
Hillus dentate gyrus - +




lateral olfactory tract - -
lateral olfactory tract / dorsal - +
tenia tecta - ++
olfactory tubercule - -
optic tract - -
optic chiasm - -
preoptic area - +
suprachiasmatic nucleus - -
supraoptic nucleus - -
corpus callosum - -
claustrum - ++
lateral septum - -
lateral septum dorsal - -
lateral septum intermediate - +
medial septum - +







































































































































































Table 7.B cNCS-1 transcript distribution in transgenic lines Tg26 and Tg200
Nervous System Structure Tg26 Tg200
Diencephalon
Thalamus
anterodorsal thalamus - +
anteromedial thalamus - +
anterior pretectal nu, dorsal - +
anterior pretectal nu, ventral - +
anteroventricular thalamus - +
centrolateral thalamus - +
centromedial thalamus - +
paracentral nucleus - +
lateraldorsal geniculate thalamus - +
gelatinosus thalamus - +
lateral geniculate thalamus - +
medial geniculate thalamus (dors., vent) - +
medial geniculate nu, medial - +
supragenicular nu - +
lateral habenula - -
medial habenula - -
laterodorsal, lateropost thalamus - +
lat post thalamus mediocaudal - +
mediodorsal thalamus - +
posterior nucleus thalami - +
reticular thalamic nu - +
entopeduncular nu - +
red nucleus - +
reuniens thalami - +
substantia nigra, pars compacta - +
substancia nigra, pars reticulata - +
subthalamic nucleus - +
zona incerta - ++
paraventricular thalamus - -
ventrolateral thalamus - +
ventromedial thalamus - +
ventral posterolateral thalamus - +
ventral posteromedial thalamus - +
Hypothalamus
anterior hypothalamic area (ant, cent, post) - +
dorsomedial hypothalamus - +
dorsal hypothalamus - +
lateral hypothalamic area - +
tuber cinereum - +
ventromedial hypothalamus - +
ventral tegmental area - +
arcuate nucleus, hypothalamus - -
interpedoncular nucleus - ND
median eminence - -
medial mammilary nucleus - -
posterior hypothalamic area - -
paraventricular hypothalamus - -
Pituitary
anterir lobe, pituitary - -
intermediate lobe, pituitary - -
neural lobe, pituitary - -

























































































































































Table 7.C cNCS-1 transcript distribution in transgenic lines Tg26 and Tg200
Nervous System Structure Tg26 Tg200
Metencephalon
Cerebellum, Medulla oblongata & Pons
interposed cerebellar nucleus, anterior + ++
interposed cerebellar nucleus, posterior + ++
lateral cerebellar nu + ++
medial cerebellar nucleus + +
medial cerebellar nucleus, dorsolateral + +
cerebellar granular cell layer - -
cerebellar molecular layer - -
Purkinje cell layer - +
cerebellar white matter - -
medullary reticular field, dorsal - +
nucleus K + +
lateral parabranchial nu + +
lateral reticular nucleus + ++
lateral lemniscus nu dorsal + +
lateral lemniscus nu + ++
lateral lemniscus nu ventral - +
motor root trigeminal nerve + +
mesencephalic trigeminal nucleus + ++
dorsal motor nucleus vagus - +
hypoglossal nucleus - +
nucleus ambiguus - +
dorsal colchear nu - +
dorsal horn, spinal cord + ++
nucleus reticularis gigantocellularis + ++
gigantocellularis reticular nu, alpha + ++
gigantocellularis reticular nu, ventral + ++
motor trigeminal nucleus ++ ++
perifacial zone - ++
parvocellular reticular nucleus + +
parvocellular reticular nucleus Alpha + +
paramedian reticular nucleus + ++
princ sens trigeminal nu, dors. Lat. + +
princ sens trigeminal nu, vent. Lat. + +
lateral superior olive - +
pontine nucleus + ++
pontine reticular nucleus caudal + +
pontine reticular nucleus oral + +
pontine reticular  nucleus + +
periolivary region - +
spinal trigeminal nucleus, caudal + +
spinal trigeminal nucleus, Interpolar + +
spinal trigeminal nucleus, oral + +
spinal vestibular nucleus - ++
spinal trigeminal nucleus + ++
ventral horn, spinal cord + ++
External cuneate nucleus - +
lateral vestibular nucleus - ++
medial parabrachial nucleus - +
medial vestibular nucleus + +
dorsal raphé + +
raphé magnus + +
median raphé + +
nucleus tractus solitarii + +
superior vestibular nucleus - ++























































































































































































Table 7.D cNCS-1 transcript distribution in transgenic lines Tg26 and Tg200
Nervous System Structure Tg26 Tg200
Mesencephalon
Cerebral peduncles/colliculus
periaqueductal gray - +
central gray + ++
deep mesencephalic nucleus + +
deep gray layer of superior colliculus + +
interstitial nucleus med long fasciculus, greater - +
intercollicular nucleus - +
central nucleus inferior colliculus - ++
dorsal cortex inferior colliculus - ++
external cortex inferior colliculus - ++
inferior colliculus - ++
intermediate gray layer, superior colliculus - ++
intermediate white layer sup colliculus - +
optic nerve  layer - +
superior colliculus - +
superfacial gray layer, superior colliculus - +
zonal layer superior colliculus - +
laterodorsal tegmental nucleus - +
magnocellular nucleus, post com - +
microcellular tegmental nucleus - +














































NCS-1 has been shown to be involved in numerous systems, but until now it has never been 
tested whether NCS-1 plays a distinct role in an entire mammalian organism. In the present 
study, using mouse behavioral models of associative learning and memory we have shown for 
the first time a role for NCS-1 in vivo in a higher organism. We have generated two mice 
transgenic lines, Tg26 and Tg200, which overexpress NCS-1 in narrow or broad regions of the 
nervous system.  
 
At the cellular level, overexpression of NCS-1, when compared to WT controls, resulted in both 
lines in a significant increase in LTP between the CA3 and CA1 region of the hippocampus, 
which is well correlated with the total amount of the NCS-1 protein in the hippocampus 
suggesting that, the more NCS-1 protein present, the higher the efficacy of the studied neural 
network. Further, the NCS-1 effect on LTP was likely to be due to a more efficient activation of 
NMDA receptors. In particular, the increased summation of responses to high frequency bursts 
observed in Tg200, suggests that the role of NCS-1 is presynaptic. Strongly supporting this idea, 
we observed that NCS-1 overexpression in motorneurons results in higher synaptic fatigue, 
suggesting a presynaptic enhancement of neurotransmitter release by NCS-1, and correlating 
with the dose-dependent increase in paired-pulse facilitation levels displayed in transgenic 
hippocampal slices. 
 
At the behavioral level, Tg26 animals show accelerated learning and better memory performance 
than WT littermates as measured with two paradigms of spatial learning and memory, the Morris 
water maze and active avoidance test. Together, these findings indicate that in vertebrates, Ca2+ 
signaling via NCS-1 regulates a presynaptic pathway essential for synaptic plasticity and for 
learning and memory processes.  
 
Currently, the mechanisms regulating short-term plasticity are not well understood, but several 
models have been proposed including summation of residual Ca2+ and local Ca2+ binding buffer 
saturation, but it has also been searched for a Ca2+ binding molecule that would directly mediate 
facilitation of synaptic activity. NCS-1 has the characteristics for linking presynaptic residual 
Ca2+ to changes in short-term plasticity because overexpression of NCS-1 at the neuromuscular 
junction of D. melanogaster or X. laevis resulted in an important facilitation of synaptic 
transmission (Pongs et al., 1993, Olafsson et al., 1995).  
 
In a recent study, using cultured rat hippocampal neurons transfected by NCS-1, the authors 
(Sippy et al., 2003) showed that NCS-1 switches paired-pulsed short-term synaptic plasticity 
from depression to facilitation in a Ca2+-dependent manner without affecting basal release 
probability after the first stimulus (Sippy et al., 2003). However, NCS-1 was able to increase the 
probability of release during the second stimulus. Indeed, using the non-competitive NMDA-
receptor antagonist MK-801 (MK-801 blocks NMDAR only when they are open, so the rate of 
block during the low frequency stimulation is proportional to release probability), the authors 
observed that NCS-1-induced presynaptic facilitation results in facilitation of EPSP, bringing the 
postsynaptic cell to threshold (Sippy et al., 2003). These observations are strongly supporting our 
findings that paired-pulse facilitation is increased in Tg200 hippocampal slices and that the 
NMDAR component of burst responses are significantly higher when NCS-1 is overexpressed at 
these synapses. 
 
We found that differential expression levels of NCS-1 regulate short-term (paired-pulse 
facilitation) and long-term (LTP) synaptic plasticity at hippocampal synapses. The fact that 
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hippocampal mossy fiber inputs into CA3 pyramidal cells have higher NCS-1 levels (Jinno et al., 
2002) and show stronger facilitation than in associative/commissural synapses (Salin et al., 
1996) correlates with our hypothesis that the efficacy of a given neural network depends on the 
level of expression of NCS-1. NCS-1 overexpression in NG108-15 cells was shown to induce an 
increase in quanta released by an AP as well as an increased number of neurite outgrowth and 
functional synapses (Chen et al., 2001). Structural remodeling of synapses and formation of new 
synaptic contacts has been shown to be a mechanism underlying the late phase of LTP (Toni et 
al., 1999). Together with the findings that the transcription of the NCS-1 gene was up regulated 
in the rat hippocampal formation after LTP induction (Genin et al., 2001) these results suggest 
that NCS-1 could play a central role as a molecular component capable of mediating functional 
and morphological changes in synapse sensitivity to Ca2+ and that NCS-1-mediated presynaptic 
facilitation of transmission could be related to an enhancement of induction mechanisms of long-
term synaptic plasticity such as LTP.  
 
Activation of group I metabotropic glutamate receptors (mGlu) is known to induce slow-onset 
LTP (Bortolotto and Collingridge, 1992). The priming of this form of LTP by mGlu receptor 
activation is dependent on protein synthesis (Weiler and Greenough, 1993). We found that in 
NCS-1 overexpressing mice LTP is significantly increased in a dose-dependent manner during 
the early phases of LTP and is lasting for at least 50 minutes. Recently, it has been shown in the 
rat, that in vivo agonist-induced activation of mGlu receptors induced an increased NCS-1-level 
of expression, suggesting that NCS-1 might also contribute to the late-phase of LTP (Brackmann 
et al., 2004). This late phases-role of NCS-1 in of LTP proposed by Brackmann et al. (2004) 
could be occluded in our transgenic mice by the fact that in Tg26 and Tg200 animals, NCS-1 is 
already present at higher levels than in WT animals before the induction of LTP. 
 
But how would NCS-1 work to facilitate synaptic transmission? Three presynaptic models are 
currently subject of debate (see introduction). All imply an increase in presynaptic [Ca2+]i. Slow 
Ca2+ buffers have been shown to affect facilitation at many synapses, however, at other synapses 
residual Ca2+ levels in the presynaptic terminal seem too low to display a summation effect and 
disappear faster than facilitation(Zucker and Regehr, 2002). As NCS-1 binds Ca2+ with very high 
affinity, it would be a good candidate for the model implying saturable high-affinity Ca2+ buffers 
than alter intracellular Ca2+-dependent processes. However, recent experiments are inconsistent 
with a major role for NCS-1 as a Ca2+ buffer (Sippy et al., 2003). Rather, several characteristics 
of NCS-1 argue that NCS-1 fits better in the third model proposing a distinct presynaptic Ca2+-
sensor that mediates facilitation and acts cooperatively with the main neurotransmitter vesicles 
releasing machinery in a Ca2+-dependent manner. NCS-1 undergoes large conformational 
changes upon Ca2+-binding (Cox et al., 1994, Ames et al., 2000, Bourne et al., 2001, Jeromin et 
al., 2004) mediating many cell responses by interaction with other target proteins (Burgoyne et 
al., 2004). The lack of effect of NCS-1 on basal transmission in hippocampal synapses is 
inconsistent with a simple buffering role affecting Ca2+-homeostasis at the main vesicle release 
machinery (Sippy et al., 2003, Zucker, 2003).  
 
As mentioned, neurotransmitter release is triggered by Ca2+-influx through VGCC and 
modulation of presynaptic Ca2+-currents can result in synaptic plasticity (Bliss and Collingridge, 
1993, Zucker and Regehr, 2002). P/Q-type Ca2+-channels are concentrated at presynpatic 
terminals and are thought to be the major channel type involved in synaptic transmission in 
mammalian CNS (Carafoli, 1999, Lee et al., 1999). Recently, NCS-1 has been shown to regulate 
P/Q-type Ca2+-currents at the calyx of Held (Tsujimoto et al., 2002), suggesting that NCS-1 may 
sense residual Ca2+ and facilitate neurotransmitter release, probably through interaction with 
P/Q-type channels via the NCS-1 carboxyterminal end. However, other studies suggested that 
NCS-1could inhibit non-L-type Ca2+-currents in a voltage-independent manner (Weiss et al., 
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2000, Weiss and Burgoyne, 2001) or a β subunit specific manner (Rousset et al., 2003). Effect of 
NCS-1 on N-type channels, which are known to be involved in coupling Ca2+ influx and 
transmitter release in the Xenopus motoneurones have also been reported (Wang et al., 2001). 
Our findings that overexpresion of NCS-1 enhances facilitation in vivo is supported by these 
studies. CaM interacts with the carboxyterminal domain of the α1A subunit of P/Q-type 
channels (Lee et al., 1999), which is different to the interaction domain at the β subunit proposed 
by Rousset et al. (2003). All together, they strongly suggest a role for NCS-1 in the modulation 
of presynaptic VGCC, maybe similar to the dual role played by CaM at higher [Ca2+]i, which 
first promotes and then inhibits individual channel opening (DeMaria et al., 2001).  
 
The effect of NCS-1 might not be restricted to VGCC. In neurons, A-type K+ channels control 
the timing, duration and frequency of AP. The first evidence of an NCS-1-action on K+-channels 
came from the observation that modulation of A-type K+ currents by [Ca2+]i was altered in the 
V7 Drosophila mutant, which overexpresses NCS-1 (Pongs et al., 1993, Poulain et al., 1994). 
More recently, subthreshold-activating A-type K+-currents were shown to be strongly and 
specifically modulated by NCS-1 (Nakamura et al., 2001, Guo et al., 2002). In these studies, 
NCS-1 interaction with Kv4.2 channels resulted in increased A-type K+ currents and decreased 
inactivation time-courses, in a Ca2+-dependent manner (Nakamura et al., 2001). Interestingly, 
Shaker (the Drosophila homologue of mammalian Kv4 channels) mutants displayed altered 
short-term plasticity at the NMJ (Delgado et al., 1994). Moreover, antisens-knockdown of the 
presynaptic Kv1.4 channels in the rat resulted in reduced paired-pulse facilitation and 
elimination of early- as well as late-phase LTP (Meiri et al., 1998). Together, these data suggest 
a role for NCS-1-mediated modulation of synaptic efficacy through K+ channels and are thus in 
accordance with the enhanced synaptic efficacy at the NMJ and in the hippocampus that we 
observed in NCS-1 overexpressing mice. 
 
Beyond its actions on synaptic efficacy through modulation of ion channels, NCS-1 has been 
reported to play an important role in the regulation of membrane trafficking and secretion 
(Burgoyne, 2004).  
 
Phosphoinositides are important regulators of several synaptic processes including 
neurosecretory vesicle targeting, exocytosis, synaptic vesicle reuptake, ion channels modulation, 
which result on modulation of neurotransmitter release, synaptic vesicle recycling and synaptic 
plasticity (Osborne et al., 2001). Since the discovery that yeNCS-1 is essential for yeast survival 
due to its ability to interact and activate phosphatitylinositol-4-OH kinase Pik1 (Hendricks et al., 
1999), which catalyses the first step in the synthesis of phosphatidylinositol-4,5-phosphate 
(PIP2), several reports indicated that its mammalian homologue PI(4)KIIIβ can be activated by 
NCS-1 ((Zhao et al., 2001) and for review (Burgoyne, 2004)). Indeed, NCS-1 has been shown to 
regulate secretion in PC12 and bovine adrenal chomaffin cells (McFerran et al., 1998, Koizumi 
et al., 2002, Pan et al., 2002, Scalettar et al., 2002). Some of the NCS-1 effect have been 
attributed to its activation of PI(4)KIIIβ leading to an enhancement of IP3 and Ca2+ signalling 
upon agonist stimulation (Koizumi et al., 2002, Kapp-Barnea et al., 2003, Rajebhosale et al., 
2003) and vesicular membrane trafficking (Zhao et al., 2001). Interestingly, NCS-1 has been 
reported to interact with IL1 receptor accessory protein like (IL1RAPL), a transmembrane 
protein involved in X-linked mental retardation apparently inhibiting agonist-stimulted NCS-1-
induced exocytosis (Bahi et al., 2003). Consistent with a role for NCS-1 to enhance Golgi-to-
plasma membrane trafficking is the finding that NCS-1 enhanced the surface expression of Kv4 
K+ channels (Nakamura et al., 2001). More recently, it has been suggested that NCS-1 and 
PI(4)KIIIβ form a stable complex (called NP, neuropotentiator) that may serve to link lipid and 
protein metabolism to regulate membrane trafficking and coordinate it with ion fluxes and 
plasticity (Zheng et al., 2005).  
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Synaptic activity has been shown to cause a decrease in PIP2 concentration in the plasma 
membrane of synaptic bouton coupled with an increased concentration inside the synaptic 
bouton, where PIP2 is probably localized in freshly endocytosed vesicles (Micheva et al., 2001). 
This presynaptic PIP2 concentration is regulated by NMDA receptor activation and subsequent 
retrograde action of nitric oxyd (NO) (Micheva et al., 2001, Osborne et al., 2001, Micheva et al., 
2003). Among the well-described effects of NO in the CNS is its ability to elicit or increase 
neurotranmiter release. Therefore, NO-dependent regulation of the presynaptic PIP2 
concentration could be necessary to provide sufficient amount of this phospholipid needed for 
vesicle recycling and ultimately for the higher demand in vesicle and neurotransmitter at 
facilitated synapses (Micheva et al., 2001). In vitro, co-activation of NO synthase by NCS-1 and 
CaM results in a higher activity than with CaM alone (Schaad et al., 1996), but whether this 
occurs in vivo remains to be tested. Together with our findings that in vivo overexpression of 
NCS-1 enhances synaptic transmission, and since NCS-1 is also expressed postsynaptically 
(Martone et al., 1999), we can nevertheless speculate that Ca2+/NCS-1, through its actions on 
PI(4)KIIIβ and eventually through a positive feedback loop via NO synthase, might be a key 
regulator of synaptic vesicle dynamics by presynaptically enhancing the replenishment of the 
releasable pool and increasing the number of release sites. 
 
Hundreds of molecules have been described to play a role in some stage of LTP (Sanes and 
Lichtman, 1999). Our observations that correlate NCS-1-dependent enhancement of short-term 
(facilitation) and long-term (LTP) synaptic plasticity with enhanced memory join several other 
studies describing mice with modified learning and memory abilities matched with altered 
expression levels of key components necessary for the induction and/or maintenance of LTP 
(Silva et al., 1992a, Bourtchuladze et al., 1995, Tsien et al., 1996a, Madani et al., 1999, Tang et 
al., 1999, Routtenberg et al., 2000, Malleret et al., 2001).  
 
Several studies shed doubts on the importance of the connection between LTP and memory 
paradigms. Indeed, genetic manipulation of mice with modified expression levels of AMPA 
receptor (Zamanillo et al., 1999), of PSD-95 (Migaud et al., 1998), of PTPδ (Uetani et al., 2000) 
yield animals with different LTP levels that are not correlated with learning performances. We 
showed that Tg200 animals, which have a quantitatively and spatially larger overexpression of 
NCS-1 in several brain areas, display a larger enhancement of LTP that does not correlate with 
improved spatial learning performance. We suggest that too high expression levels of NCS-1 in 
other brain regions than the hippocampus could be detrimental to spatial learning skills that 
depend on interactions between the hippocampus and other brain structures (Rossi-Arnaud and 
Ammassari-Teule, 1998, Kim and Baxter, 2001). Despite the observed enhanced hippocampal 
LTP levels, the poor learning performance of Tg200 mice could result from NCS-1-dependent 
enhanced inhibitory inputs in the hippocampus from other corticolimbic areas known to act via 
inhibitory control on spatial information processing. Interestingly, when expressed in 
mammalian cells, NCS-1 attenuates dopamine-induced D2 receptor internalisation by reduction 
of D2 receptor phosphorylation (Kabbani et al., 2002). NCS-1 exerts its effect on D2 receptor 
through interaction with G-protein coupled receptor kinase 2 (GRK2) in a Ca2+-dependent 
manner (Kabbani et al., 2002). In this model, as a consequence of NCS-1 overexpression, less 
D2 receptor desensitisation would occur and therefore result in overactive D2 receptor 
signalling. Recent studies suggested that NCS-1 expression levels are up-regulated in the 
dorsolateral prefrontal cortex of schizophrenic patients (Koh et al., 2003, Bai et al., 2004) 
contributing to the idea that NCS-1 might play a role in the abnormalities in the brain dopamine 
system such as predicted by the dopamine hypothesis of schizophrenia (Seeman, 1987, Bergson 
et al., 2003). In rodents, D2 receptor has been found mainly in the striatum, in the olfactory 
tubercle, and in nucleus accumbens (Missale et al., 1998), brain areas were the thy1::cNCS-1 
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gene is not (or only poorly) expressed in Tg26 and Tg200 animals. It is therefore not surprising 
that we found no locomotor hyperactivity or stereotyped behaviors in NCS-1 transgenics, which 
would have been indicative of abnormally increased dopaminergic activity (Crawley, 2000). 
Further, our finding that in Tg26 mice prepulse inhibition (PPI) of acoustic startle remained 
similar to WT animals is compatible with the fact that schizophrenic patients show deficits in 
PPI as well as D2 receptor agonist-treated rats (Geyer et al., 1990, Crawley, 2000). Indeed, the 
pattern of expression of the cNCS-1 transgene seems generally not overlapping with D2 receptor 
distribution and explains the lack of visible effect on emotional responses. However, it is 
important to note that in Tg200 mice, cNCS-1 is also expressed in the amygdala, a brain 
structure that has been involved in emotion-related learning (McGaugh et al., 1996) and where 
D2 receptor is also present (Missale et al., 1998). Therefore, our finding that Tg200 animals were 
mildly impaired in the retention of a spatial learning task (as revealed in the preliminary water 
maze using a massed trial protocol) is possibly indicative of a NCS-1-mediated decrease of D2 
receptor desensitization that could lead to an over activation of dopamine signalling, reminiscent 
of D2 receptor agonist-induced exacerbation of schizophrenic symptoms (Seeman, 1987, 
Bergson et al., 2003).  
 
 
General Conclusion and Prospectives 
 
 
In the present study, we could show that up-regulation of NCS-1 expression levels in the mouse 
hippocampus could enhance neurotransmitter release and LTP in a dose-dependent manner, 
probably in a presynaptic way of action thereby facilitating associative spatial learning and 
memory processes in vertebrate but also in invertebrates animals. The very high conservation of 
NCS-1 primary structure thought evolution suggests a functional pressure on a shared Ca2+/NCS-
1-dependent signalling pathway. In C.elegans, associative learning requires the function and 
Ca2+-signaling via CeNCS-1 in a single neuron (Gomez et al., 2001), and in mice synaptic 
efficacy modulation is regulated presynaptically by NCS-1 in a complex neural network in the 
hippocampus. 
 
There are numerous hypotheses for a molecular role of NCS-1 that were suggested; some that fit 
directly with our data, and some that have a less direct connection with our results. Altogether, 
NCS-1 seems to behave as a multitalented, high affinity Ca2+-binding protein with several targets 
at several different subcellular locations within a neuron or a synapse. The multiplicity of roles 
attributed to NCS-1 is therefore very comparable to the ubiquitous multifunctional CaM, but 
NCS-1 being unique by its ability to sense calcium at much lower concentrations than CaM and 
in a nervous system specific manner. What really functionally happens with NCS-1 at the 
molecular level in vivo when a synapse or a neural network displays potentiated synaptic activity 
as we observed in our transgenic mice remains to be explored and many questions remain to be 
answered. Future studies and experiments could include: 
 
 Electrophysiological studies using Tg200 mice could confirm that NCS-1 modulates 
synaptic efficacy in other brain region than the hippocampus and in other networks than 
the CA3-CA1 projections. Further electrophysiological experiments are needed using 
Tg26 and Tg200 mice to show whether NCS-1 not only plays a role in enhancing the 
synaptic efficacy but also controls synaptic depression or even LTD.  
 
 The targeted gene dispruption of NCS-1 in mice will allow us to confirm the relationship 
between the NCS-1 expression level and its effects on synaptic modulation and cognition. 
Indeed, using the very same approach as for Tg26 and Tg200 animals, it is tempting to 
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expect a decreased synaptic efficacy (e.g. decreased facilitation, decrease transmitter 
release at the motoneuron endplates and decreased LTP) and diminished learning 
performances in NCS-1 null-mutant mice. 
 
 In mice, replacing the WT ncs-1 gene with either a Ca2+-binding deficient copy (with EF-
hands 2, 3 and 4 mutated) or a dominant-negative mutant (E120Q (Weiss et al., 2000, 
Jeromin et al., 2004)) could help to dissect the Ca2+-signaling pathway(s) in which NCS-
1 is invloved both presynaptically and postsynaptically. 
 
 Since increased NCS-1 level of expression result in enhanced LTP and since LTP 
promotes the formation of new synapses (Toni et al., 1999), electron microscopic 
analysis of CA3-CA1 synapses in Tg26 and Tg200 mice would reveal whether 
Ca2+/NCS-1 signalling also plays a role in the morphological changes occurring at these 
dynamic synapses. 
 
 NCS-1 is probably multifunctional. Among the potential candidates, real NCS-1 targets 
should partially colocalize with NCS-1, have their activities or properties modified by 
NCS-1 and show direct physical interaction. To identify all of the NCS-1 interacting 
molecules, beside yeast-two hybrid screens and exhaustive immunoprecipitation analysis, 
proteomic studies should be performed both in presence and absence of calcium. To draw 
a model where several of the NCS-1 functional targets are considered, we could use 
multiplexed protein microarray for the identification and analysis of simultaneously 
NCS-1 modulated signalling pathways (Chan et al., 2004). Subcellular localization of 
NCS-1 depending on its expression level and the activity of a synapse in relationship 
with newly defined NCS-1 targets and their signalling pathways could be analysed using 
confocal microscopy or living-cell imaging Cellomics™ technology 
(www.cellomics.com). 
 
 Pharmacological tools for the study of NCS-1 are now also available. Indeed, the 
neuroleptic drug chlorpromazine (CPZ) has been reported to bind to the functional EF-
hands of NCS-1 in a Ca2+-dependent manner (Muralidhar et al., 2004). Further, since 
NCS-1 has been reported to interact with wortmannin-sensitive PI(4)KIIIβ (Zhao et al., 
2001, Zheng et al., 2005) we could use these compounds for in vitro studies. 
 
 Transgenic mice overexpressing NCS-1 (either the WT or Ca2+-binding defective 
mutants) in specific brain areas could be produced using tissue-specific promoters 
combined with the Cre/loxP technology (Tsien et al., 1996a, Mansuy et al., 1998) to 
produce conditional/inducable genetically modified mice to spatially and temporally 
dissect the role of NCS-1 in synaptic plasticity and cognition. For example, despite the 
fact that NCS-1 overexpression in the hippocampus does clearly not affect emotional 
responses, we suggest that NCS-1 overexpression in D2 receptor expressing brain regions 
in mice such as the striatum and the nucleus accumbens could potentially serve as an 
animal model of schizophrenia. 
 
 It was recently shown that NCS-1 level of expression is modified in schizophrenic or 
bipolar patients (Koh et al., 2003, Bai et al., 2004) it would also be of interest to search 
for eventual mutations (or single nucleotide polymorphism, SNP) in the human NCS-1 
gene in psychiatric patients. 
 
 Finally, as NCS-1 is highly conserved through evolution and overexpression of NCS-1 
enhances synaptic plasticity and facilitates learning and memory in both C.elegans 
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(Gomez et al., 2001) and mice, we propose that, provided safe and efficient gene-delivery 
systems, specific overexpression of NCS-1 in the human hippocampus could enhance 
learning and memory performance which are reduced in neurodegenerative or psychiatric 
disorders such as Alzheimer’s disease, bipolar disorder and schizophrenia. 
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Apprentissage et mémoire 
 
La mémoire est une propriété remarquable du cerveau qui nous permet d’accomplir de 
nombreuses tâches quotidiennes. En neuroscience on sépare l’apprentissage de la mémoire. 
Ainsi, l’apprentissage est l’acquisition de nouvelles informations ou de connaissances, et la 
mémoire correspond à la rétention de l’information acquise. Il existe plusieurs types de mémoire 
classés selon des critères psychologiques et biologiques. On parle alors de système de mémoire, 
concept qui trouve son origine avec l’étude du patient épileptique H.M. qui a subit une exérèse 
bilatérale sur la face interne du lobe temporal, y compris le cortex, l’amygdale et les deux tiers 
antérieurs de l’hippocampe. La conséquence de cette chirurgie fut une amnésie antérograde 
sévère (Milner et al., 1998). Les différents systèmes de mémoire ne sont pas cloisonnés, mais 
interagissent entre eux. Par exemple, l’amygdale (impliquée dans la mémoire émotionnelle) 
semble capable de moduler d’autres types de mémoires (McGaugh et al., 1996). Bien que de 
nombreuses parties du cerveau soient impliquées dans les différents processus de mémorisation 
(Table 1), l’hippocampe est connu pour jouer un rôle central dans la formation de différents 
types de mémoires. Chez les mammifères, il y a deux type de mémoires qui ont émergé: la 
mémoire déclarative (consciente) et la mémoire procédurale (ou non-déclarative; 
inconsciente) (Fig. 1).  
 
La mémoire procédurale fait référence à un changement inconscient dans l’habileté acquise 
suite à un conditionnement (je ne me rappelle plus quand j’ai marché pour la première fois). Cet 
apprentissage peut être associatif ou non-associatif. Il existe trois formes de conditionnement 
non-associatifs: l’habituation (réduction d’une réponse comportementale à un stimulus répété); la 
sensibilisation (augmentation d’une réponse comportementale à un stimulus répété ou "négatif") 
et la déshabituation qui est un rétablissement d’une réponse habituée à cause d’un autre stimulus 
plus fort par exemple. L’apprentissage associatif relie des événements entre eux. On en distingue 
deux types: le conditionnement classique (ou de Pavlov) qui repose sur l’association d’un 
stimulus inconditionnel (Fig. 2; US) avec un stimulus conditionnel (CS), et le conditionnement 
instrumental qui décrit une situation ou le sujet doit associer une réponse comportementale avec 
les conséquences de cette réponse (récompense ou punition) (Schacter, 1994, Milner et al., 
1998). 
La mémoire déclarative correspond à ce qu’on entend ordinairement par "la mémoire" et 
requiert le souvenir spécifique d’une personne, d’un lieu, d’un fait ou d’un événement. Les 
études sur le patient H.M., d’autres patients amnésiques et des primates ont permis de déterminer 
que ce type de mémoire repose sur l’intégrité du lobe médio-temporal et en particulier 
l’hippocampe, le gyrus denté, le subiculum, et les cortex enthorhinal, perirhinal et 
parahippocampal. (Squire and Zola, 1996) (Fig. 3). 
 
Paradigmes employés pour l’étude de la mémoire déclarative 
 
Des études anatomiques et comportementales suggèrent que, en dépit de certaines différences, 
l’organisation morphologique et fonctionelle du lobe médio-temporal est très comparable entre 
les humains, les primates et même les rongeurs (Squire, 1992). La relative ressemblance 
anatomique et physiologique entre les humains et les rongeurs a motivé et permis le 
développement de plusieurs paradigmes pour l’étude de l’apprentissage et de la mémoire avec 
des souris.  
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Le labyrinthe aquatique de Morris est l’approche la plus utilisée pour évaluer les capacités de 
mémoire et d’apprentissage des rats et souris. Développé par R.G.M. Morris (Morris, 1984), ce 
test d’apprentissage spatial est basé sur le fait que les rongeurs n’aiment pas l’eau. Les animaux 
doivent nager dans un bassin d’eau opaque jusqu’à trouver une plate-forme invisible sous la 
surface. Un protocole fréquemment employé mesure d’abord l’aptitude de l’animal à apprendre à 
localiser la plate-forme au moyen d’indices visuels externes. La plate-forme est ensuite retirée et 
si l’animal a appris correctement la tâche, il devrait se rendre et passer un maximum de temps à 
l’endroit précis ou se situait la plate-forme. La performance au cours de ce test de rétention est le 
critère qui évalue l’acquisition de la tâche spatiale (Fig. 4). 
 
D’autres paradigmes sont employés pour étudier l’aptitude des souris à apprendre et à 
mémoriser. Par exemple, la procédure de l’évitement actif ("active avoidance") est un modèle 
dans lequel des souris sont entraînées à éviter un stimulus aversif associé à un stimulus 
conditionné et repose sur le fait qu’elles n’aiment pas la lumière. Les souris ont le choix 
d’explorer une chambre sombre et une chambre éclairée. Elles apprennent à associer leur 
présence dans la chambre sombre avec un faible choc électrique. La latence d’entrée dans la 
chambre éclairée est le critère de mémoire (Crawley, 2000).  
 
Plasticité synaptique: un modèle cellulaire de l’apprentissage et de la mémoire 
 
L’hypothèse que la mémoire est stockée et codée par des modifications de l’efficacité de 
transmission synaptique dans les réseaux neuronaux du cerveau est généralement bien acceptée; 
ce phénomène est appelé plasticité synaptique (Hebb, 1949, Bliss and Collingridge, 1993, 
Martin et al., 2000, Kandel, 2001). Dans pratiquement toutes les synapses, on observe des 
changements dynamiques de la transmission synaptiques à court terme, (durée: msec – min; 
indépendant de la synthèse de protéines), et à long terme (durée: heures – jours – ou plus) qui 
peuvent requérir la synthèse de protéines (Kandel, 2001, Zucker and Regehr, 2002). Ces 
fluctuations de transmission synaptique peuvent résulter en une amélioration ou une dépression 
de l’efficacité synaptique. 
 
Plasticité synaptique à court terme 
L’amélioration de la transmission synaptique observée après une stimulation répétée est appelée 
facilitation (Fig. 5). Durant la facilitation de type "paired-pulse" (PPF), des brefs trains de 
potentiels d’action induisent des potentiels post-synaptiques (PSP) grandissant en amplitude 
atteignant plusieurs fois le PSP de départ. Cette PPF s’établi et dure quelque msec après 
l’activité présynaptique. D’autres types de plasticité à court terme sont la potentiation post-
tétanique, la dépression synaptique et la désensibilisation (Fisher et al., 1997, Zucker and 
Regehr, 2002, Xu-Friedman and Regehr, 2004).  
 
Pour de nombreuses synapses, la plasticité synaptique à court terme est supposée être d’origine 
présynaptique et refléter une modulation de la probabilité de relâchement de quanta (quantité 
minimale de neurotransmetteurs relâché durant l’activité synaptique basale). Autrement dit, une 
amélioration de la plasticité à court terme implique une augmentation du relâchement de 
neurotransmetteurs. Pour quantifier ces changements de probabilité de relâchement, on peut 
mesurer les réponses à des stimuli "paired-pulse" dans des conditions différentes. Un 
changement dans le rapport entre les réponses aux deux stimuli implique une causalité 
présynaptique (Zucker, 1999).  
 
Le calcium (Ca2+) joue un rôle essentiel dans le déclanchement du relâchement de 
neurotransmetteurs. En effet, un potentiel d’action (AP) produit un influx de Ca2+ dans la 
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terminaison synaptique par des canaux calciques voltage-dépendants (VGCC) agglutinés à côté 
des vésicules synaptiques "docké", soit près à fusionner avec la membrane cellulaire. Cette 
augmentation de la concentration intracellulaire de Ca2+ ([Ca2+]i) peut être localement très 
importante et générer des microdomaines de Ca2+ qui activent la machinerie du relâchement de 
neurotransmetteur (Zucker, 1996, Bennett, 1997). La plasticité synaptique à court terme semble 
être due à une prolongation de l’accroissement [Ca2+]i résiduel dans les microdomaines (Katz 
and Miledi, 1968, Fisher et al., 1997). Ainsi, la facilitation est causée par une augmentation de 
[Ca2+]i restant après un potentiel d’action qui s’additionne à l’entrée de Ca2+ consécutive à un 
second AP, accroissant la probabilité de relâchement de neurotransmetteurs. Un deuxième 
modèle implique un senseur du Ca2+ supplémentaire et inconnu agissant de manière coopérative 
avec la machinerie sécrétoire principale dont la synaptotagmine est le principal acteur (Atluri and 
Regehr, 1996, Koh and Bellen, 2003). Un troisième modèle propose que la facilitation est le 
résultat d’une saturation locale et progressive de tampons à Ca2+ dans la terminaison synaptique 
résultant en un accroissement graduel de [Ca2+]i aux sites de relâchement (Rozov et al., 2001).  
 
Plasticité synaptique à long terme 
Le modèle expérimental phare des changements d’efficacité synaptique est appelée potentiation 
à long terme (LTP). Les premières observations de LTP décrivaient qu’une stimulation à haute 
fréquence de la voie perforante entraînait une augmentation persistante de la transmission 
synaptique dans le gyrus denté (Bliss and Lomo, 1973). LTP a été observées dans de nombreuses 
synapses y compris le système limbique. Puisque la LTP a été mise en évidence dans toutes les 
voies excitatrices de l’hippocampe, il est tentant faire un rapprochement entre la LTP et la 
mémoire (Fig. 6). Même si la compréhension de la LTP n’est qu’à ses débuts, elle possède des 
propriétés faisant d’elle un candidat intéressant pour expliquer les mécanismes cellulaires de la 
formation de la mémoire. Ainsi, la LTP dure plusieurs heures voire plusieurs jours. De plus, la 
LTP est synapse spécifique. Autrement dit, la LTP ne peut pas être induite sur d’autres synapses 
du même neurone que celles qui ont reçu une stimulation à haute fréquence. Ensuite, la LTP est 
coopérative car la probabilité d’induire la LTP ou l’amplitude du changement résultant, 
augmente avec le nombre d’afférences stimulées. Enfin, la LTP est associative car l’induction de 
la LTP sur une synapse donné peut faciliter l’induction de la LTP sur une synapse adjacente du 
même neurone (Bliss and Collingridge, 1993, Malenka and Nicoll, 1999). Bien qu’étant 
artificielle, la LTP peut être induite par des stimulations à hautes fréquences telles que le rythme 
theta qui sont physiologiquement similaires à celles observées dans l’hippocampe pendant 
l’apprentissage (Larson et al., 1986, Staubli and Lynch, 1987, Martin et al., 2000).  
 
Mécanismes impliqués dans l’induction de la LTP 
L’évènement clé menant à l’induction de la LTP est l’augmentation massive de [Ca2+]i dans la 
terminaison postsynaptique par des récepteurs NMDA, les VGCC ou les stocks intracellulaires 
de Ca2+ (Bliss and Collingridge, 1993). L’entrée de Ca2+ par les NMDAR nécessite le déblocage 
du ion Mg2+ qui n’est possible que si la liaison du glutamate coïncide avec une dépolarisation 
postsynaptique suffisante. Ce modèle postsynaptique d’induction de la LTP est actuellement le 
plus accepté, pourtant il existe de nombreuses synapses comme la voie des fibres moussues où la 
LTP est indépendante des récepteurs NMDA suggérant que des changement présynaptiques sont 
aussi impliqués dans l’induction de certaines forme de la LTP (Johnston et al., 1992, Grover and 
Teyler, 1995, Nicoll and Malenka, 1995, Weisskopf and Nicoll, 1995, Castillo et al., 1997).  
 
Alors que la LTP représente un modèle cellulaire de la formation de la mémoire, la dépression à 
long terme (LTD) a été suggérée comme mécanisme de l’oubli. La LTD est une diminution 
persistante de l’efficacité synaptique dépendant de l’activité déclanchée par une stimulation 
répétitive de basse fréquence qui semble dépendre aussi de l’entrée de Ca2+ par les NMDAR 
(Lynch et al., 1977, Dudek and Bear, 1992, Kemp and Bashir, 2001). Il semblerait que les 
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caractéristiques spatio-temporelles et quantitatives du signal calcique seraient déterminantes pour 
le déclanchement soit de la LTP soit de la LTD. Différents seuils de concentration de Ca2+ 
postsynaptique jouerait le rôle de commutateur LTP/LTD (Lisman and Goldring, 1988). A noter 
pourtant que l’augmentation de [Ca2+]i présynaptique et de relâchement de neurotransmetteurs 
est aussi nécessaire pour l’induction de la LTD dans les fibres moussues (Goda and Stevens, 
1998, Kobayashi et al., 1999). 
 
Expression et maintient de la LTP 
De nombreux enzymes Ca2+-dépendantes sont candidates comme effecteurs du signal calcique 
déclencheur de la LTP. Des évidences majeures ont attribué un rôle central à la kinase 
dépendante du Ca2+ et de la CaM de type IIα (αCaMKII). D’abord activée par le Ca2+ cette 
kinase reste constitutivement active par autophosphorylation en absence de Ca2+ (Fukunaga et 
al., 1993, Giese et al., 1998). Il été proposé que la αCaMKII se comporte comme une molécule-
mémoire en enregistrant les précédentes augmentations de [Ca2+]i (Lisman and Goldring, 1988).  
 
La lieu d’expression de la LTP est actuellement sujet à débat. Un mécanisme postsynaptique qui 
pourrait expliquer l’augmentation de l’efficacité synaptique de la LTP implique le recrutement 
de AMPAR vers les synapses qui ont peu ou pas de AMPAR (Malenka and Nicoll, 1999). En 
accord avec cette idée, il a été montré que αCaMKII pouvait phosphoryler AMPAR après 
induction de la LTP résultant en l’augmentation de la conductance du récepteur (Barria et al., 
1997). A l’inverse, la déphosphorylation par des phosphatase des AMPAR expliquerait la LTD 
(Carroll et al., 1999). Une explication présynaptique serait que la LTP est due à l’augmentation 
de relâchement de neurotransmetteurs (Bliss et al., 1986). Un tel modèle présynaptique sous-
entend un messager rétrograde comme l’oxyde nitreux navigant du neurone postsynaptique vers 
la terminaison présynaptique comme suggéré par l’inhibition de la NO synthétase qui conduit à 
l’inhibition de la LTP (Bliss and Collingridge, 1993, Kantor et al., 1996). 
 
L’entrée postsynaptique de Ca2+ résulte aussi en l’activation de l’adénylate cyclase et 
l’augmentation du messager secondaire AMPc. La cascade de l’AMPc semble induire une 
augmentation de l’efficacité synaptique qui est indépendante de la synthèse de protéine dans une 
étape précoce de la LTP (E-LTP); alors que dans une étape plus tardive de la LTP (L-LTP), 
l’AMPc induirait via la protéine kinase A, la transcription et la traduction de nouvelles protéines 
responsables de boucles rétroactive positives et de changements morphologiques nécessaires à la 
la consolidation de la synapse (Abel et al., 1997, Milner et al., 1998, Toni et al., 1999, Kandel, 
2001). 
 
Evidences pour un rôle dans l’apprentissage et la mémoire de la plasticité synaptique 
De nombreuses études pharmacologique et génétiques ont permis de corrélé la plasticité 
synaptique avec certaines formes d’apprentissage et de mémoire. Ainsi, l’inhibition 
pharmacologique des NMDAR bloque non seulement la LTP mais aussi des d’apprentissages 
dépendants de l’hippocampe (Morris et al., 1986, Martin et al., 2000). Des souris délétées du 
gène de la Synapsine ont des plasticités synaptique à court terme réduite (PPF et PTP) allant de 
paire avec une perte de performances mnésiques (Silva et al., 1996). De même, des souris 
génétiquement manipulées ont permis de confirmer le lien entre la LTP et la mémoire (Grant et 
al., 1992, Silva et al., 1992a, Tsien et al., 1996b, Tang et al., 1999, Routtenberg et al., 2000, 
Malleret et al., 2001). O’Keefe et al. (1971) ont montré que lorsqu’un rongeur se déplace dans 
un milieu donné, le taux d’activation des cellules hippocampales corrèle avec la localisation de 
l’animal; ces cellules sont appelées cellules de lieu. D’autres études employant des souris 
génétiquement modifiées ont suggéré qu’il existait une corrélation entre la LTP, les cellules de 
lieu et l’apprentissage spatial (McHugh et al., 1996, Rotenberg et al., 1996, Cho et al., 1998). 
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Actuellement, le concept que la plasticité synaptique telle que la LTP mais aussi la LTD (Kemp 
and Bashir, 2001) représente une base neuronale des processus de formation de la mémoire est 
une hypothèse largement acceptée mais toujours débattue puisque des preuves soutenant le 
contraire existent aussi (Migaud et al., 1998, Zamanillo et al., 1999, Uetani et al., 2000). 
 
Importance du Calcium dans le système nerveux central et protéine liant le Calcium 
 
Comme déjà abordé, dans le système nerveux, le rôle du Ca2+ comme messager secondaire est 
bien documenté. Divers stimuli extracellulaires, l’activité électrique peuvent déclancher un 
rapide accroissement de la [Ca2+]i via des canaux calciques intracellulaires ou extracellulaires. 
L’entrée de Ca2+ par les VGCC provoque le relâchement de neurotransmetteurs. Par ailleurs, ses 
fluctuations de la [Ca2+]i induit la rapide modulation de l’efficacité synaptique comme la 
plasticité synaptique à court (facilitation) et à long terme (LTP, LTD) qui sont des mécanismes 
sous-jacents de l’apprentissage et de la mémoire (Bliss and Collingridge, 1993, Carafoli, 1999). 
 
Dans de nombreux cas, la fonction du Ca2+ dépend de son interaction avec des protéines liants le 
Ca2+ (calcium-binding protein, CaBP). Les CaBP peuvent être séparées en deux groupes: les 
tampons et les senseurs. Les tampons règlent la [Ca2+]i sans interagir avec une cible (ex.: la 
calbindine et la parvalbumine). En revanche, les senseurs peuvent altérer la fonction de protéines 
cibles en réponse à un changement de [Ca2+]i transmettant ainsi le message calcique (ex.: la 
calmoduline et la recoverine). Les senseurs sont caractérisés par une très grande affinité pour le 
Ca2+ (KD = 0.001 à 1 µM). La liaison du Ca2+ peut induire des changements de conformation 
exposant des surfaces hydrophobes susceptibles d’interagir avec des molécules cibles (Nef, 
1996). 
 
Les CaBP sont classées selon leur localisation cellulaire et la structure primaire de leur motif de 
liaison au Ca2+ (Celio, 1996). Un grand groupe de CaBP possède des motifs "EF-hands" comme 
domaines de liaison du Ca2+ qui est caractérisé par un domaine canonique de 29 acides aminés 
résultant en une conformation hélice-boucle-hélice (Fig. 7). 
 
La famille des senseurs de calcium neuronal NCS 
Une branche émergeante de CaBP contenant des motifs EF-hands est la famille des senseurs du 
Ca2+ neuronal appelés "neuronal calcium sensor" (NCS). Les membres de la famille NCS 
possède un très haut degré d’homologie allant de 37 à 100% d’identité au niveau des acides 
aminés. Elles ont une taille de ~200 a.a. (~22kDa), sont acides, et toutes possèdent quatre EF-
hands. Certaines sont myristoylées en N-terminal. L’échelle des affinités pour le Ca2+ varie des 
nM aux µM. A ce jour, plus de 40 NCS ont été identifiées et classées selon les similitudes de 
séquences en 6 sous-familles décrites dans la Figure 8. Le sujet de cette étude porte sur la sous-
famille des NCS-1. 
 
Structure, localisation et propriétés biochimique de NCS-1 
Le gène codant pour NCS-1 a été isolé dans un grand nombre d’organisme allant de la levure à 
l’humain. Les alignements de séquences (Fig. 9) révèlent une très grande conservation à travers 
l’évolution. En effet, NCS-1 chez les vertébrés sont 100% identiques entre eux, 75% identiques 
avec NCS-1 de C.elegans et 60% avec l’orthologue de la levure (Frq1 ou ci-après yeNCS-1). La 
structure tridimensionnelle de yeNCS-1 et de NCS-1 humaine (huNCS-1) est résolue (Ames et 
al., 2000, Bourne et al., 2001). Ainsi, NCS-1 a une forme globulaire en coquillage et possède 
quatre EF-hands (EF1 à 4) organisées en deux couples articulés autour d’une charnière (Fig. 10). 
EF1 est incapable de lier le Ca2+. La liaison au Ca2+ est coopérative et l’affinité au Ca2+ est plus 
forte dans les EF3 et 4 que dans EF2. De plus, la myristoylation en N-terminal semble augmenter 
l’affinité au Ca2+ et permettre à NCS-1 de lier les membranes. 
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L’expression de NCS-1 semble être spécifique au système nerveux chez tous les organismes 
(sauf chez la levure, un unicellulaire). Chez la souris, l’expression de NCS-1 débute dès le 12ème 
jour embryonnaire pour rester stable au cours du développement (Olafsson et al., 1997). Chez le 
rat, NCS-1 a pu être détecté dans les axones et soma des neurones de toutes les régions 
cérébrales et spinales mais pas dans la glie (Martone et al., 1999, Paterlini et al., 2000). Chez 
l’humain, la plus forte expression de NCS-1 a été observée dans le cortex cérébral (Chen et al., 
2002). Au niveau subcellulaire, NCS-1 paraît présent des deux côtés de la synapse et de 
préférence dans les neurites (Olafsson et al., 1997, Martone et al., 1999, Sage et al., 2000). 
Pourtant, plusieurs études ont montré que NCS-1 pouvait s’associer aux membranes par son 
groupe myristoylé au niveau de l’appareil de Golgi (Martone et al., 1999, Ames et al., 2000, 
Weisz et al., 2000). Puisque NCS-1 peut être myristoylée, il a été suggéré que NCS-1, à l’instar 
de la recoverine, peut subir un changement de conformation "myristoyl-switch" entraînant sa 
liaison à la membrane mais il n’a pas encore été prouvé que NCS-1 subit un tel mécanisme.  
 
Les fonctions de NCS-1 
La grande conservation des protéines NCS à travers l’évolution suggère qu’elles possèdent une 
ou des fonctions fondamentales hautement conservées qui ont été recruté par les neurones. 
Plusieurs études ont attribués différents rôles physiologiques in vitro et in vivo aux NCS et à 
NCS-1 en particulier. Un exemple de fonction d’une NCS est celle de la modulation de la 
sensibilité à la lumière par la recoverine qui, en inhibant la phosphorylation de la rhodopsine, 
prolonge la phototransduction (Klenchin et al., 1995).  
 
Toutefois, les premiers indices sur la fonction de NCS-1 nous viennent de la caractérisation des 
mutants V7 à hyperexcitabilité neuronale chez la Drosophile. Ces mutants V7, au phénotype 
moteur anormal semblable au type "shaker-like" (Tanouye and Ferrus, 1985, Mallart et al., 
1991), surexpriment la frequenin (l’orthologue de NCS-1) conduisant à une facilitation de la 
transmission synaptique à la jonction neuromusculaire (NMJ) sans affecter la transmission basale 
(Pongs et al., 1993). Le même phénomène est observé chez des mouches transgéniques 
surexprimant sous le contrôle d’un promoteur "heat-shock". Le mécanisme moléculaire sous-
jacent à cette facilitation de la transmission synaptique n’est toujours pas défini. Il a pourtant été 
proposé que NCS-1/frequenin pourrait moduler d’une part l’échange de ions Na+/Ca2+ qui 
induirait à une augmentation de l’excitabilité (Rivosecchi et al., 1994) ou de canaux potassiques 
par l’altération de cascade métabolique liée au GMPc déréglant l’homéostase calcique d’autre 
part (Poulain et al., 1994). Similairement, l’injection de NCS-1/frequenin dans le blastomère de 
Xenopus augmente le relâchement évoqué de neurotransmetteurs à la NMJ (Olafsson et al., 
1995) suggérant un rôle dans la modulation de l’efficacité synaptique chez les vertébrés. 
 
Des expérience in vitro ont montré que NCS-1 pouvait potentialiser voire se substituer à la 
calmoduline. En effet, NCS-1 semble être capable d’activer une phosphodiesterase et la 
calcineurin, mais aussi de potentialiser l’action de CaM sur l’oxyde nitreux (NO) synthétase. De 
plus, l’injection de NCS-1 dans un mutant cam1 de la Paramécie peut réverter le phénotype cam1, 
peut-être par l’intermédiaire d’une action de NCS-1 sur un canal K+ (Kink et al., 1990, Saimi and 
Ling, 1990, Schaad et al., 1996). 
 
Récemment, il a été mis en évidence que NCS-1 pouvait interagir avec une phosphatidylinositol 
4-OH kinase (PI(4)K) nommée PIK1 et l’activer (Hendricks et al., 1999). Les PI(4)K sont 
impliquées dans une étape de la synthèse de PIP2 dont la demande est forte dans les neurones. En 
effet, l’hydrolyse par la phospholipase C déclanchée par les récepteurs couplés à la protéine G 
ainsi que la reformation par endocytose PIP2–dépendante de vésicules synaptiques requièrent un 
grand stock de PIP2 (Vignes et al., 1996, Jost et al., 1998). Il a donc été proposé que NCS-1 
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pourrait régler la reformation de vésicules de sécrétion par une boucle rétroactive Ca2+-
dépendante en stimulant la synthèse de PIP2 par recrutement de PI(4)K. A noter que certains 
effets physiologiques de NCS-1, notamment sa capacité à augmenter la sécrétion dépendante 
d’une stimulation par un agoniste, ont été attribués à son interaction avec PI(4)KIIIβ, 
l’homologue vertébré de PIK1. NCS-1 semble donc posséder une fonction régulatrice de la 
sécrétion et du trafic membranaire (McFerran et al., 1998, McFerran et al., 1999, Weisz et al., 
2000, Guild et al., 2001). 
 
Plus récemment, différentes études ont suggéré un rôle pour NCS-1 dans la régulation de divers 
canaux ioniques calciques ou potassiques. Par exemple, il a été proposé que la facilitation du 
relâchement de neurotransmetteurs par la surexpression de NCS-1 chez Xenopus serait induite 
par un facteur neurotrophique dérivé de cellule gliale (GDNF). Celui-ci augmenterait 
l’expression présynaptique de NCS-1 qui provoquerait la potentialisation de canaux calcique 
type N impliqués dans le couplage de l’influx de Ca2+ avec le relâchement de neurotransmetteurs 
(Nakamura et al., 2001, Wang et al., 2001, Weiss and Burgoyne, 2001). 
 
En définitive, il apparaît que NCS-1 transmet les signaux calciques par plusieurs cibles 
potentielles et module plusieurs fonctions neurone-spécifiques telles que la neurosécrétion, la 
régulation de canaux ioniques, le relâchement de neurotransmetteurs voire la plasticité 
synaptique. Puisque NCS-1 est très largement distribué dans le système nerveux, NCS-1 pourrait 
être requis dans la modulation de processus sensoriels et peut-être même dans l’émotion, 
l’apprentissage et la mémoire. 
 
NCS-1 et la mémoire: l’exemple de CeNCS-1 
Les premiers indices que NCS-1 pourrait jouer un rôle essentiel dans la formation de la mémoire 
nous viennent d’expériences faites chez C.elegans (Gomez et al., 2001). Ce nématode dont le 
génome entier est séquencé, possède 302 neurones dont toutes les connexions et ramifications 
sont établies. Des comportements simples tels que la chemo- et la thermosensation peuvent être 
modifiés par des formes simples d’apprentissage. Ces vers sont capables d’associer la présence 
de nourriture avec la température de l’environnement nourricier. Lorsque l’expression de 
CeNCS-1 est abolie, les vers ne sont plus capables d’associer la température avec la nourriture. 
Ce phénotype peut être réverté par l’addition de CeNCS-1 mais pas par l’addition d’un mutant de 
CeNCS-1 qui n’est plus capable de lier le Ca2+. De plus, la surexpression de CeNCS-1 chez 
C.elegans cause une meilleure acquisition et une meilleure rétention (Fig. 11). La quantité de 
protéine CeNCS-1 régule donc directement et de manière Ca2+-dépendante l’apprentissage 
associatif et la mémoire chez C.elegans (Hedgecock and Russell, 1975, White, 1986, C.elegans-
Sequencing-Consortium, 1998, Mori, 1999, Gomez et al., 2001). 
 
Le rôle du calcium chez Saccharomyces cerevisiae 
Saccharomyces cerevisiae est un eucaryote unicellulaire de la famille des ascomycètes. Les 
levures existent sous forme diploïdes ou haploïdes. Les diploïdes a/α se divisent indéfiniment 
par mitose en produisant un bourgeon qui résulte en une cellule fille. Lorsqu’ils manquent de 
source de carbone ou d’azote les diploïdes produisent par division méiotique des asques 
contenant quatre spores haploïdes caractérisés par deux "mating type" a ou α (génotype 
"sexuel"). Le génome de la levure qui est réparti sur 16 chromosomes de 200 à 2200 kb a été 
entièrement séquencé et comporte 5885 séquences codantes potentielles (Goffeau et al., 1996). 
Les levures possèdent un système de recombinaison d’ADN très efficace qui peut être mis à 
profit pour introduire de l’ADN exogène et introduire des mutations dans le génome de manière 
ciblée (Shortle et al., 1982, Rothstein, 1983). Comme la bactérie E.coli, il a un temps de 
doublement rapide (90 à 120 min) et peut être transformé par de l’ADN plasmidique. Il possède 
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toutes les caractéristiques propres aux eucaryotes supérieurs comme par exemple les organelles 
membranaires (RER, Golgi, mitochondries), un cytosquelette et un noyau. 
 
Les levures maintiennent l’homéostase calcique cytosolique (100-200nM) en présence de 
concentration extracellulaire Ca2+ de allant de 0.1µM à 10mM. Le Ca2+ est un ion essentiel pour 
la levure pour de nombreuses fonctions cellulaires (Davis, 1995). Il semble que pour transmettre 
un signal de Ca2+ il existe 84 protéines susceptibles d’être impliquées dans le métabolisme 
calcique et sa régulation (Catty, 1999). Le Ca2+ joue aussi un rôle crucial dans l’exocytose de 
vésicules qui est contrôlée par une machinerie protéique conservée de la levure à l’humain 




But du travail 
 
Ma thèse est présentée en trois parties distinctes et les résultats obtenus sont discutés dans une 
conclusion finale commune. 
 
1. Dans la première partie nous utilisons la levure comme modèle animal afin d’étudier le 
rôle biochimique et moléculaire de yeNCS-1. Puisque NCS-1 est particulièrement bien 
conservé dans l’évolution, yeNCS-1 pourrait être employé pour expliquer certains aspects 
fonctionnels fondamentaux de NCS-1 chez les eucaryotes supérieurs. 
 
D’un point de vue physiologique la souris est facilement comparable à l’humain et est un modèle 
animal souvent utilisé pour l’étude des mécanismes d’apprentissage et de mémoire.  
 
2. Dans le but d’attribuer une fonction à NCS-1 dans un animal entier, nous avons généré 
une souris mutante dont le gène de NCS-1 est inactivé. 
 
3. Dans la troisième partie, nous utilisons une approche similaire pour identifier la ou les 
fonctions de NCS-1 in vivo: nous avons produit des souris transgéniques qui 
surexpriment NCS-1 spécifiquement dans système nerveux central. Nous pensons que 
NCS-1 pourrait jouer un rôle important dans des fonctions neuronales-clé telles que la 
plasticité synaptique et la mémoire. 
 
 
Résultats et discussions 
 
Partie 1: NCS-1 dans Saccharomyces cerevisiae 
 
La délétion du gène yeNCS-1 est létale 
Par PCR, nous avons isolé le cadre de lecture ouvert de 573pb nommé YDR373w (par la suite 
yeNCS-1) codant pour la protéine yeNCS-1, flanqué en amont par une séquence 5’non-traduite 
de 633pb et en aval par une séquence 3’non-traduite de 174pb. Une construction plasmidique 
linéarisée comportant ces régions non-traduites autour du gène de résistance à la kanamycine au 
lieu du gène de yeNCS-1 a ensuite été transformé dans une souche sauvage de levure. Après un 
événement de recombinaison homologue, la souche hétérozygote résultante yencs1∆::KanR / 
yeNCS-1 a ensuite été sporulée et les asques dissequés. Sur quatres spores, seules deux étaient 
viables indiquant que yeNCS-1 est un gène vital pour la croissance de la levure.  
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NCS-1 humain peut se substituer à yeNCS-1 
Nous avons ensuite transformé l’hétérozygote yencs1∆::KanR / yeNCS-1 avec un plasmide 
comportant l’ADNc du gène humain de NCS-1 (huNCS-1). Toutes les quatre spores issues de la 
sporulation et dissection étaient capable de croître normalement suggérant qu’une copie 
vertébrée de NCS-1 peut se substituer au gène de la levure, indiquant une fonction conservée 
pour NCS-1 du point de vue de l’évolution. 
 
La fonction de yeNCS-1 est-elle Ca2+-dépendante ? 
Sur la base d’observations faites sur la troponin C (Putkey et al., 1989), nous avons construit par 
PCR un mutant ponctuel de NCS-1 incapable de lier le Ca2+. Ce double-mutant nommé yeNCS-
1(2D-A) possède en effet les deux substitutions D109A dans EF3 et D157A dans EF4. Pour 
vérifier que ces deux mutations suffisent à rendre yeNCS-1 inapte à lier les ions Ca2+, nous 
avons inséré le gène sauvage ou mutant de yeNCS-1 dans un vecteur d’expression inductible 
bactérien (pGEX-6-P3) dans le but de produire et purifier les protéines de fusion GST-yeNCS-1 
(sauvage) et GST-yeNCS-1(2D-A) (mutant). Une fois séparées par SDS-PAGE et transférées sur 
une membrane de nitrocellulose, seule GST-yeNCS-1 a pu garder sa capacité de lier le Ca2+ 
comme mis en évidence par incubation avec du 45Ca2+ et autoradiographie de la membrane. Ceci 
confirme que le mutant yeNCS-1(2D-A) est bien déficient pour sa liaison au Ca2+.  
 
Nous avons ensuite transformé l’hétérozygote yencs1∆::KanR / yeNCS-1 avec un vecteur 
d’expression portant le gène du mutant yeNCS-1(2D-A). Suite à la sporulation et la dissection, 
toutes les quatres spores étaient capable de croître normalement suggérant que la fonction 
essentielle de yeNCS-1 n’est pas dépendante du Ca2+. La mesure de la densité optique de 
cultures en milieu liquide, nous a permis de calculer le taux de croissance des souches exprimant 
soit le type sauvage, soit le double mutant 2D-A, soit la version humaine de NCS-1. Tous ont des 
taux de croissance indifférentiables, indiquant que la vitesse de croissance n’est pas médiée une 
par une signalisation via Ca2+/yeNCS-1 tant en milieu solide que liquide et à des taux 
d’expression de yeNCS-1 tant élevés que bas. 
 
Nous avons mesuré par comptage visuel les taux de sporulation des souches exprimant soit le 
type sauvage, soit le double mutant 2D-A, soit la version humaine de NCS-1. Toutes les souches 
ont un taux de sporulation comparables, seul la souche exprimant huNCS-1 possède un taux 
légèrement affaibli. 
 
Une expérience reconnue pour mesurer la capacité sécrétoire chez S.cerevisiae, est la mesure du 
rapport entre l’activité extracellulaire et l’activité totale de l’enzyme β-D-fructofuranoside-
fructohydrolase (communément appelée invertase) qui nous fournit un index de sécrétion. Cette 
expérience avait déjà permis de démontrer un rôle dans la sécrétion joué par PIK1, un partenaire 
potentiel de yeNCS-1 (Hama et al., 1999). Nous avons donc comparé les indices de sécrétion des 
diploïdes sauvage (WT) avec l’hétérozygote yencs1∆::KanR / yeNCS-1 ainsi que les haploïdes 
yencs1∆::KanR transformés avec un vecteur d’expression portant soit une copie sauvage du gène 
yeNCS-1, soit la version mutante yeNCS-1(2D-A), à des taux d’expression de yeNCS-1 tant 
élevés que bas.Aux deux températures testées (30 et 37°C), le nombre de copies de yeNCS-1 n’a 
pas eu d’influence sur la capacité sécrétoire de la cellule. De même, le mutant qui n’est pas 
capable de lier le Ca2+ ne s’est pas révélé différent du type sauvage. Ainsi, la signalisation médié 
par Ca2+/yeNCS-1 n’est pas requise pour la sécrétion de l’invertase chez la levure. 
 
Quelles sont les cibles de yeNCS-1 ? 
Dans le but d’identifier des cibles de yeNCS-1 autres que PIK1 mais aussi pour confirmer 
l’interaction physique de yeNCS-1 et PIK1, nous avons produit dans E.coli les protéines 
recombinantes de fusion GST (comme contôle), GST-yeNCS-1 et GST-yeNCS-1(2D-A). Ces 
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protéines ont ensuite été purifiées au moyen de billes de sépharoses couvertes de glutathione, le 
substrat de GST (glutathione-S-transferase). Leur pureté a été vérifiée par SDS-PAGE et 
coloration Coomassie. Ces billes liées à l’une des trois protéines de fusion ont ensuite été 
incubée avec un extrait protéique total d’une souche sauvage de S.cerevisiae. Au cours de cette 
incubation, une protéine cible de NCS-1 devrait être pêchée ("pull-down") par GST-yeNCS-1 
liées aux billes et résister aux étapes de lavage. Si cette interaction est Ca2+-dépendante alors la 
protéine cible ne devrait pas se lier aux billes couplées à GST-yeNCS-1(2D-A).  
 
Pour identifer les protéines liées à GST, GST-yeNCS-1 et GST-yeNCS-1(2D-A), nous les avons 
séparé par SDS-PAGE à deux dimension, visualisé par coloration Coomassie. Les protéines 
colorées ont ensuite été excisées du gel, digérées à la Trypsine résultant pour chacune des 
protéines en une mixture de peptides spécifiquement et individuellement identifiable par 
spectrométrie de masse MALDI-TOF ("matrix-assisted laser desorption ionization time of 
flight", voir Experimental Procedure) et comparaison in silico avec toutes les séquences codantes 
de S.cerevisiae. 
 
Nous avons analysé les protéines de fusion GST, GST-yeNCS-1 et GST-yeNCS-1(2D-A) seuls 
(sans incubation avec l’extrait de levure) dans une première étape, et dans une seconde étape les 
mêmes protéines recombinantes incubées avec l’extrait protéique de levure. Séparément, l’extrait 
total de levure a aussi été analysé. Les Tables 4.A à 4.F présentent la liste complète des protéines 
identifiées sur les gels des Figures 22.A à 22.F. Comme attendu, GST et yeNCS-1 ont été 
identifiées sur les trois gels "seuls". En revanche, sur les gels issus du "pull-down", yeNCS-1 n’a 
été identifié que sur le gel du mutant GST-yeNCS-1(2D-A). De plus ni GST ni PIK1 n’ont été 
identifiés lors du "pull-down" avec l’une des trois protéines de fusion. 
 
Conclusion Partie 1 
Nous avons montré que le gène codant pour yeNCS-1 est vital pour la levure et que NCS-1 
d’origine humaine peut remplacer cette fonction essentielle. Cependant, nous avons pu constater 
que ce rôle essentiel de yeNCS-1 n’est pas Ca2+-dépendante dans les conditions testées. En effet, 
la double-mutation 2D-A, qui rend impossible la liaison du Ca2+, n’affecte ni la croissance, ni le 
taux de croissance, ni l’efficacité de sporulation qui est pourtant régulée par le Ca2+ via la 
calmoduline. Ceci est en contradiction avec une récente étude démontrant une dépendance au 
Ca2+ pour la croissance à haute température 37°C (Strahl et al., 2003). Chez la levure, le Ca2+ est 
spécifiquement requis pour la fusion de vésicules avec l’appareil de Golgi (Davis, 1995). PIK1, 
qui a été directement impliquée dans la sécrétion au niveau du Golgi (Hama et al., 1999, Walch-
Solimena and Novick, 1999) a été désignée comme cible interagissant avec yeNCS-1 (Hendricks 
et al., 1999) nous amenant à penser que yeNCS-1 pourrait jouer un rôle dans la sécrétion. Dans 
nos conditions expérimentales, la capacité sécrétoire de la levure n’a pas pu être corrélée à la 
signalisation par Ca2+/yeNCS-1. Cependant, puisque l’interaction avec PIK1 n’est pas Ca2+-
dépendante (Huttner et al., 2003), une fonction Ca2+-indépendant pour yeNCS-1 dans la 
sécrétion n’est pas à exclure. 
 
L’approche protéomique pour l’identification d’autres partenaires de yeNCS-1, le "GST pull-
down" combiné au "MALDI-TOF MS" est une approche similaire déjà employée pour 
l’identification de cibles de la neurocalcin δ (Ivings et al., 2002). Pourtant, l’interprétation de nos 
résultats est rendue extrêmement difficile par la non-identification de PIK1 (et parfois aussi GST 
et yeNCS-1), la seule cible documentée qui nous aurait permis de valider notre approche. Même 
si elle a été démontrée par immunoprécipitation, on peut se demander si l’interaction PIK1-
yeNCS-1 est suffisamment stable pour cette expérience. Des protéines de pI et de poids 
moléculaire comparable à ceux de PIK1 ont été identifiées dans nos conditions, écartant un 
problème de résolution des gels 2D. D’autres protéines candidates susceptibles d’interagir avec 
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yeNCS-1 ont été identifiées dans une expérience de "deux-hybrides" à grande échelle (Hazbun et 
al., 2003); parmi ces cinq cadres de lecture (ORF) aucun n’a été identifiée dans notre "GST pull-
down". Récemment, il a été suggéré que chez Schizosaccaromyces pombe spNCS-1 est peut-être 
lié à une cascade de signalisation en provenance d’un récepteur couplé à la protéine G via 
l’adenylate cyclase, l’AMPc et la protéine kinase A. Ainsi, les auteurs indiquent que spNCS-1 
pourrait coupler un signal calcique à une cascade issu de protéine G en favorisant la 
désensitisation du récepteur (Hamasaki-Katagiri et al., 2004) de manière comparable à la 
régulation de la rhodopsine par la recoverine. yeNCS-1 pouvant se substituer à spNCS-1 il est 
tentant de penser qu’un tel mécanisme serait conservé chez toutes les levures et chez les 
vertébrés aussi, puisque NCS-1 régule GRK1. 
 
Pour conclure, puisque NCS-1 est susceptible d’interagir avec de nombreuses cibles potentielles, 
à l’instar de la calmoduline et tout comme chez S.pombe, NCS-1 est probablement 
multifonctionnelle chez la levure.Cependant d’autres étude sont nécessaires pour caractériser 
précisément les fonctions de yeNCS-1 et éventuellement les extrapoler aux vertébrés. Ces 
expériences pourraient inclure: 
 
 Des expériences "deux-hybrides" pour détecter les cibles de NCS-1 dans la levures et chez 
les vertébrés en employant yeNCS-1, huNCS-1, NCS-1 mutants (qui ne lie pas le Ca2+) 
comme appât, et des librairies génomique de levure mais aussi de système nerveux central de 
vertébrés. 
 
 Localisation subcellulaire de yeNCS-1 et ses mutants avec des marqueurs fluorescents, ou 
par microscopie électronique pour detecter un changement de localisation Ca2+-dépendant et 
une colocalisation avec des cibles potentielles. 
 
 Optimisation du "GST pull-down" en utilisant des extraits protéiques issus de différentes 
fractions cellulaires, ou en remplaçant GST par des marqueurs/épitopes plus petits (HAM, 
Flag, Histidine) situés soit en N-terminal soit en C-terminal afin d’écarter une éventuelle 
interférence stérique due à GST.  
 
 La production d’un mutant thermosensible de yeNCS-1 (et ses mutants) ou de huNCS-1 nous 
fournirait un outil génétique pour la caractérisation des fonctions de yeNCS-1 et sa régulation 
de protéine cible en réponse à des signaux calciques. 
 
 Des expériences employant la RT-PCR quantitative nous permettraient de mesurer les 
niveaux d’expression de yeNCS-1 en réponse à des fluctuations de [Ca2+]i. 
 
 
Partie 2: Délétion de NCS-1 chez la souris 
 
Stratégie et méthode générale 
 
Pour générer un mutant de délétion pour le gène NCS-1 (ncs-1∆) de la souris, nous avons choisi 
d’abolir l’expression de NCS-1 par remplacement du premier exon de NCS-1 par un marqueur de 
sélection au moyen de la recombinaison homologue. La procédure générale pour le ciblage 
génique ("gene-targeting") de NCS-1 est décrite dans la Figure 23. Pour isoler les clones de 
cellules embryonnaires souches (cellules ES) correctement recombinés, nous avons appliqué la 
méthode établie qui emploie une double sélection: l’une positive (par la néomycine) pour 
l’insertion de la construction dans le génome et l’autre négative (avec un substrat de la HSV-
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thymidine kinase: le FIAU) pour éliminer les clones ayant une insertion aléatoire dans le 
génome.  
 
Constructions et génotypage 
Une librairie génique de la souche de souris 129/SvJ a été criblée, permettant l’isolation de deux 
fragment (fragment long, 10kb:LA; et fragment court, 4kb: SA; Fig. 24) employés pour la 
construction du vecteur de ciblage et d’un plasmide de contrôle PCR. Ces deux constructions, la 
position des oligonucléotides et la sonde employés pour le génotypage qui vérifie l’insertion 
correcte de la construction dans le génome des cellules ES sont décrites dans la Figure 24.  
 
Résultats et statut 
 
Dans une première tentative, parmi toutes les cellules ES 129/SvJ électroporées avec le vecteur 
de ciblage, 600 clones ont résisté à la double sélection. Parmi ceux-ci, 250 clones ont été criblés 
par PCR pour détecter l’insertion correcte du vecteur dans le génome. Parmi ces 250 clones, trois 
se sont révélé positif lorsque génotypé par PCR et Southern "blotting" (Fig. 25.A). Ces trois 
clones furent ensuite cryoconservés avant d’être mis en culture à nouveau. Au court de cette 
culture, les cellules présentaient un niveau de différentiation trop élevé pour être injecté dans des 
blastocytstes. En conséquence, une deuxième tentative s’est avérée nécessaire.  
 
Après l’électroporation de cellules ES C57BL/6J avec le vecteur de ciblage génique, 13 clones 
étaient résistants. Parmi ceux-ci 8 clones étaient positifs par PCR. De ces 8 clones, 2 ont été 
identifiés comme vrais positifs par Southern "blotting" (Fig. 27.B). Ces deux clones ont été mis 
en culture et des cellules individuelles ont été injectées dans des blastocystes BALB/c, qui furent 
ensuite injectés dans des souris femelles pseudoenceintes. 18 souris chimériques sont nées, 
présentant un chimérisme de 10 à 95% (Fig.26.A et B). Ce chimérisme semblait suffisant pour 
coloniser les lignées germinales par des cellules embryonaires C57BL/6J recombinées portant un 
allèle inactivé de NCS-1 (C57BL/6J::ncs-1∆). Des males chimériques C57BL/6J::ncs-1∆ ont 
ensuite été croisé avec des femelles de type sauvage BALB/c afin d’obtenir une lignée 
hétérozygote F1. Ces hétérozygotes F1 furent ensuite croisés entre eux pour obtenir une souche 
homozygote de type sauvage contrôle (+/+), une souche hétérozygote (+/-) et une souche 
homozygote de souris ncs-1∆ (-/-). Pour vérifier l’inactivation complète de l’expression de la 
protéine NCS-1 dans les souris (-/-), et une expression réduite chez les souris hétérozygote (+/-), 
nous avons analysé les extraits totaux de protéines issus des cerveaux correspondants par 
"Western blotting". Ainsi nous avons pu observé une abondance de la protéine NCS-1 plus faible 
chez les souris (+/-) que chez le type sauvage indiquant que le taux d’expression de NCS-1 
semble corrèler avec le nombre de copie du gène de NCS-1. Le fait qu’absolument aucun signal 
NCS-1 n’a pu être détecté pour les souris (-/-) clairement confirme le succès de la délétion ciblée 
du gène NCS-1. 
 
 
Parties 3: Souris transgéniques surexprimants NCS-1 
 
Génération et sélection de souris transgéniques surexprimant NCS-1 
Nous avons produit plusieurs lignées de souris transgéniques (Tg) en employant l’ADNc de 
NCS-1 du poulet (cNCS-1) suivi d’une courte séquence 3’ non-traduite, sous le contrôle du 
promoteur Thy1. Ce dernier dirige la transcription neurone-spécifique de transgène à partir du 
stade post-natal P6-10, éliminant de ce fait d’éventuels problèmes d’expression de transgène au 
cours de l’embryogenèse (Kelley et al., 1994, Caroni et al., 1997). Basé sur la distribution et les 
niveaux d’expression de l’ARNm de cNCS-1 que nous avons déterminé par hybridation in situ, 
nous avons sélectionné deux lignées de souris transgéniques: Tg26 et Tg200 (Fig. 27 et Table 5). 
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Chez Tg26, le transgène thy1::cNCS-1 n’est surexprimé que dans deux régions principales: 1) la 
couche de cellules pyramidales des régions CA1-2-3-4 et la couche granulaire du gyrus dentatus 
ainsi que dans 2) la moelle épinière (motoneurones) et quelques noyaux sensoriels dans la 
medulla. Chez Tg200, la surexpression de cNCS-1 est significativement plus élevée dans 
l’hippocampe et les motoneurones que chez Tg26. Par ailleurs, le transgène a aussi été observé 
dans de nombreuses autres régions du cerveau: comme les hémisphères cérébraux, le pont, 
certaines parties du système limbique, olfactif, auditif et visuel ainsi que dans le thalamus, 
l’hypothalamus et le cervelet (Fig. 27 et Table 5). Dans l’hippocampe, nous avons estimé par 
"Western blotting" le niveau d’expression de la protéine NCS-1 à deux fois (pour Tg26) et six 
fois (pour Tg200) celui du type sauvage (WT). Globalement, l’expression de thy1::cNCS-1 était 
plus forte et plus répandue dans les structures glutamatergiques et cholinergiques que dans les 
structures monoaminergiques. Aucune anomalie anatomique ou cellulaire n’a pu être détectée 
par microscopie optique. 
 
Amélioration de la potentiation à long terme dans l’hippocampe de souris Tg26 et Tg200 
En réponse à un train de stimulation tétanique des collatérales de Schaffer, les cellules 
pyramidales de la région CA1 de coupes hippocampales préparées subissent une potentialisation 
à long terme (LTP). Pour explorer le rôle potentiel de NCS-1 dans ce type de plasticité 
synaptique, nous avons mesuré et comparé les niveaux de LTP chez Tg26, Tg200 et WT. 
Comme mesurée 30 minutes après le tétanus, la LTP était supérieure chez Tg200 par rapport à 
Tg26, cette dernière étant plus élevée que chez WT (Fig. 28). Cette augmentation a directement 
pu être corrélée au niveau d’expression de la protéine NCS-1 dans l’hippocampe, suggérant par 
là que l’amélioration de la LTP est dépendante de la quantité de NCS-1 présente. 
 
Puisque l’induction de la LTP est dépendante de l’activation des récepteurs NMDA (Bliss and 
Collingridge, 1993, Nicoll and Malenka, 1995), nous avons analysé les réponses aux 
stimulations à hautes fréquences employées pour induire la LTP en présence ou en absence 
l’antagoniste des récepteurs NMDA D-AP5. Les sommes des réponses durant la stimulation 
tétanique, étaient beaucoup plus élevée chez Tg200 que chez WT surtout pour la dernière des 5 
séries de stimuli tétaniques. En conséquence, la composante NMDA des réponses au tétanus est 
proportionnellement plus élevées chez Tg200 indiquant que l’effet de NCS-1 sur la LTP est 
probablement médiée par une meilleure activation des récepteurs NMDA pendant la stimulation 
tétanique (Fig. 29). 
 
Cette observation suggère que NCS-1 exerce son effet sur la LTP par un mécanisme 
présynaptique de modulation de la facilitation de l’activité synaptique. En effet, la facilitation 
synaptique s’est avérée augmentée chez Tg200 par rapport à Tg26 qui elle-même présente une 
facilitation supérieure à celle du WT (Fig. 30). Cette augmentation de la facilitation semble donc 
proportionnelle au niveau d’expression de NCS-1. Nos résultats suggèrent que l’amélioration de 
la LTP chez Tg26 et Tg200 pourrait être liée à la facilitation de mécanismes d’induction par la 
facilitation "paired-pulse" (facilitation PPF)et une meilleure sommation des réponses aux trains 
de stimulation. 
 
De manière semblable, une quantité plus élevée de NCS-1 dans les motoneurones semble aussi 
augmenter le relâchement de neurotransmetteurs à la jonction neuromusculaire (NMJ). Un train 
répété de stimuli sur un neurone moteur va induire une dépression de l’amplitude des potentiels 
de la plaque motrice (EPP). Ce phénomène est appelé fatigue synaptique et reflète l’épuisement 
des vésicules synaptiques près à fusionner avec la membrane synaptique. En réponse à une 
stimulation identique, la préparation de la NMJ issu du diaphragme de Tg200 présente une 
dépression plus sévère que celle du WT (Fig. 31). Ceci semble indiquer que la surexpression de 
NCS-1 augmente le relâchement présynaptique de neurotransmetteurs à la NMJ. 
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Amélioration des processus mnésiques chez les souris Tg26 
Puisque nos expériences électrophysiologiques ont montré que NCS-1 facilite la LTP dans 
l’hippocampe et que cette forme de plasticité synaptique joue un rôle majeur dans les 
mécanismes d’apprentissage et de mémoire, nous avons soumis Tg26, Tg200 et leurs contrôle de 
type sauvage (WT) à des tests neurologiques et comportementaux. Ces examens préalables n’ont 
mis en évidence aucune anomalie neurologique visible. Les souris Tg26 et Tg200 semblent en 
parfaite santé et sont indifférentiables des souris WT (Fig. 35 et Table 6). 
 
Dans un test préliminaire du labyrinthe aquatique de Morris, les souris WT et Tg26 semblaient 
apprendre de manière équivalente cette tâche d’apprentissage spatial. En revanche, même si la 
phase l’apprentissage ne paraissait pas affecté chez les souris Tg200, celles-ci se sont révélées 
très légèrement affaiblies comme le suggère le test de rétention mnésique effectué 25 jours après 
la phase d’apprentissage (Fig. 36). Nous avons alors décidé de nous concentrer sur la lignée 
Tg26 dont la surexpression de NCS-1 est plutôt restreinte à l’hippocampe, spéculant que la 
surexpression plus massive et plus répandue de Tg200 pourrait avoir des conséquences négatives 
sur ses performances cognitives. A nouveau, la phase d’acquisition semblait s’effectuer à un 
rythme équivalent chez Tg26 et WT (2 essais/bloc; 1 bloc d’essais par jour durant 5 jours). En 
revanche, les tests de rétention effectués après la phase d’apprentissage (1 h après le 5ième bloc, 
première phase, 1ère semaine) révèle une préférence spatiale pour le cadrant de l’îlot pour les 
souris Tg26. Durant le bloc de 5 essais supplémentaire (seconde phase, 3ième semaine), Tg26 fût 
plus rapide que WT pour atteindre la plate-forme. De plus, le test de rétention effectué après 
cette seconde phase d’apprentissage corrèle avec des meilleures performances de mémoire pour 
Tg26 que pour WT. Un ultime test de rétention effectué 5 jours après le dernier essai indique des 
meilleures capacités de rétention pour Tg26 que WT (Fig. 32).  
 
Nous avons comparé les souris Tg26 aux WT dans un test d’évitement actif ("active avoidance", 
apprentissage d’association d’un choc électrique à un stimuli visuel). Durant l’apprentissage, les 
souris Tg26 présentaient une capacité d’acquisition supérieure aux souris WT. Après déjà le 5ième 
essai, Tg26 atteignait déjà le niveau maximum de performance alors qu’il fallait 8 essais pour 
WT pour atteindre le même niveau (Fig. 33). De plus, les latences d’évitement de Tg26 étaient 
aussi plus courtes que pour WT alors que les latences de fuite semblaient équivalentes entre 
Tg26 et WT indiquant une réponse au choc électrique semblable. L’évaluation du seuil de 
douleur (cri ou tressaillement) suggèrent que les meilleures capacités d’apprentissage et de 
mémoire de Tg26 ne sont pas dues à une différence de perception de la douleur. 
 
Puisque des différences d’anxiété ou de réactivité au stress pourraient être la cause des 
différences de performances d’apprentissage et de mémoire entre Tg26 et WT, nous avons 
soumis ces souris à différents tests émotionnels. Ainsi, ni le test "clair-sombre", ni la mesure 
d’inhibition du reflex de sursaut (Fig. 37) n’a pu mettre en évidence une différence émotionnelle 
entre les souris Tg26 et WT. 
 
Souris transgéniques surexprimant NCS-1: Informations supplémentaires  
Cette partie décrit des expériences préliminaires nécessaires à l’évaluation neurologique, 





Jusqu’ici, NCS-1 a été impliqué dans de nombreux systèmes biologiques mais il n’a jamais été 
testé si NCS-1 joue un rôle distinct dans un mammifère vivant entier. Dans la présente étude, 
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nous avons produit deux lignées de souris transgéniques Tg26 et Tg200 qui surexpriment NCS-1 
et en avons mesuré les performances d’apprentissage et de mémoire, nous avons ainsi pour la 
première fois pu attribuer un rôle à NCS-1 dans un vertébré supérieur. 
 
Au niveau cellulaire, lorsque comparé au contrôle WT, la surexpression de NCS-1 induisait une 
LTP plus importante entre les régions hippocampales CA3 et CA1 en corrélation avec la quantité 
de protéine NCS-1, suggérant que plus NCS-1 est abondante, plus l’efficacité d’un réseau neural 
sera forte. De plus, cet effet semble être médié par NCS-1 par une meilleure activation des 
récepteurs NMDA. L’amélioration de la sommation des réponses aux trains de stimuli à haute 
fréquence semble indiquer que le rôle de NCS-1 est présynaptique. Renforçant cette idée, nous 
avons pu observer que la surexpression de NCS-1 dans les motoneurones résulte en un 
relâchement présynaptique de neurotransmetteurs accru corrélant avec une augmentation de la 
facilitation PPF proportionnelle à la quantité de NCS-1 chez Tg26 et Tg200.  
 
Au niveau comportemental, les souris Tg26 apprennent plus vite et ont une mémoire plus 
performante que les souris contrôles. Ces résultats indiquent donc que chez les vertébrés, la 
signalisation au Ca2+ par NCS-1 intervient dans une cascade régulatrice présynaptique cruciale 
pour la plasticité synaptique et pour les mécanismes d’apprentissage et de mémoire. 
 
Actuellement, les mécanismes régulant la plasticité à court terme ne sont pas bien compris. NCS-
1 aurait les caractéristiques requises pour relier le Ca2+ résiduel présynaptique aux événements se 
déroulant durant la plasticité à court terme car la surexpression de NCS-1 à la NMJ de 
D.melanogaster ou de X.laevis induit une importante facilitation de la transmission synaptique 
(Pongs et al., 1993, Olafsson et al., 1995). 
 
Dans une étude récente, les auteurs ont montré que la surexpression de NCS-1 dans des cellules 
en culture d’hippocampe de rat commutait la plasticité synaptique à court terme de type "paired-
pulse" de dépression en facilitation sans affecter la probabilité basale de transmission synaptique. 
Par contre, NCS-1 était capable d’augmenter la probabilité de relâchement de neurotransmetteur 
lors du deuxième stimulus. Les auteurs ont rapporté que cette facilitation présynaptique médiée 
par NCS-1 induisait une facilitation des EPSP, menant le neurone postsynaptique au seuil de 
dépolarisation (Sippy et al., 2003). Ces observations soutiennent fortement nos résultats qui 
démontrent que PPF et la composante NMDAR sont augmentées chez les souris Tg200. 
 
Le fait que les afférences des fibres moussues sur les cellules pyramidales CA3 ont un niveau 
d’expression de NCS-1 et une facilitation de transmission synaptique supérieure en comparaison 
avec les synapses associatives/commissurales (Salin et al., 1996, Jinno et al., 2002) corrèle bien 
avec notre hypothèse que l’efficacité d’un réseau neural donné dépend du taux d’expression de 
NCS-1. Les changements structuraux des synapses durant la LTP (Toni et al., 1999) et le fait que 
la transcription du gène de NCS-1 soit augmentée durant la LTP (Genin et al., 2001) suggèrent 
avec nos résultats que NCS-1 pourrait jouer un rôle central de médiateur de changements 
fonctionnels et morphologiques de la sensibilité au Ca2+ d’une synapse. Ainsi, la facilitation 
présynaptique de transmission par NCS-1 pourrait être reliée à une augmentation des 
mécanismes d’induction de la LTP. 
 
Mais comment NCS-1 pourrait-elle faciliter la transmission synaptique ? Trois modèles sont 
actuellement matière à débat; tous impliquent une augmentation présynaptique de [Ca2+]i (voir 
introduction). Les caractéristiques de NCS-1 correspondent le mieux au modèle qui propose un 
senseur de Ca2+ présynaptique, médiateur de la facilitation par action coopérante Ca2+-
dépendante avec la machinerie de relâchement de neurotransmetteurs. NCS-1 subit en effet 
d’important changement structuraux Ca2+-dépendant induisant de nombreuses réponses 
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cellulaires par interaction avec différents partenaires (Cox et al., 1994, Ames et al., 2000, Bourne 
et al., 2001, Burgoyne et al., 2004, Jeromin et al., 2004).  
 
La modulation des canaux calciques dépendants du potentiel (VGCC) peut résulter en plasticité 
synaptique (Bliss and Collingridge, 1993, Zucker and Regehr, 2002). Récemment, NCS-1 a été 
impliqué dans la régulation de courant calcique de type P/Q suggérant que NCS-1 "sentait" le 
Ca2+ résiduel et, par interaction avec ces VGCC, facilitait le relâchement de neurotransmetteurs 
au calyx de Held (Tsujimoto et al., 2002). Ces résultats rejoignent les nôtres qui décrivent 
l’augmentation de la facilitation par surexpression de NCS-1. D’autres étude ont mis en évidence 
une interaction fonctionnelle positive ou négative avec des canaux calcique de type N ou de type 
non-L, Ca2+-indépendante ou dépendante de la sous-unité β, (Weiss et al., 2000, Weiss and 
Burgoyne, 2001, Rousset et al., 2003). A l’instar de la calmoduline qui d’abord promouvoit puis 
inhibe l’ouverture individuel de canaux P/Q (DeMaria et al., 2001), NCS-1 pourrait avoir un rôle 
modulateur des VGCC présynaptique. 
 
Les effets de NCS-1 pourraient ne pas se limiter aux canaux calciques. En effet, plusieurs études 
ont suggéré une action modulatrice de NCS-1 sur des canaux K+ chez le mutant V7 de la 
drosophile qui surexprime NCS-1 (Pongs et al., 1993, Poulain et al., 1994) mais aussi chez les 
vertébrés (Nakamura et al., 2001, Guo et al., 2002). De plus, l’inhibition spécifique par 
oligonucléotides antisens des canaux présynaptiques Kv1.4 chez le rat induit une facilitation 
"paired-pulse" réduite ainsi que l’élimination de la L-LTP (Meiri et al., 1998). Ensemble, ces 
résultats suggèrent un rôle de modulateur de l’efficacité synaptique par NCS-1 par interaction 
avec des canaux K+ qui sont en accord avec l’amélioration de l’efficacité synaptique que nous 
avons pu noter à la NMJ et dans l’hippocampe des souris Tg26 et Tg200. 
 
Au delà de son action modulatrice de canaux ioniques, NCS-1 a été impliqué dans la régulation 
du trafic des membranes et de la sécrétion (Burgoyne, 2004). Les phosphoinositides sont 
d’important régulateurs de nombreux processus synaptiques tels que le ciblage, l’exo- et 
l’endocytose des vésicules neurosécréteurs, la modulation de canaux ioniques, modulant par là le 
relâchement de neurotransmetteurs, le recyclage des vésicules synaptiques et la plasticité 
synaptique (Osborne et al., 2001). Depuis la découverte que yeNCS-1 interagit et active Pik1 -
une phosphatidylinositol 4-OH kinase- dans la levure (Hendricks et al., 1999), de nombreuses 
études ont montré que l’homologue vertébré de Pik1, PI(4)KIIIβ, était aussi susceptible d’être 
activée par NCS-1 (pour revue voir (Burgoyne, 2004)). Ainsi, dans différentes lignées 
cellulaires, en plus de son rôle direct de régulateur de la sécrétion (McFerran et al., 1998, 
Koizumi et al., 2002, Pan et al., 2002, Scalettar et al., 2002), l’activation de PI(4)KIIIβ par NCS-
1 semblait conduire à une augmentation de la signalisation IP3 et Ca2+ en réponse à une 
stimulation par un agoniste (Koizumi et al., 2002, Kapp-Barnea et al., 2003, Rajebhosale et al., 
2003) et une augmentation du trafic membranaire résultant notamment en une expression de 
surface accrue pour les canaux K+ Kv4 (Nakamura et al., 2001). Plus récemment, l’hypothèse a 
émergé que NCS-1 et PI(4)KIIIβ formeraient un complexe stable qui servirait à relier les 
métabolismes lipidique et protéique pour régler le traffic membranaire et le coordonner avec les 
flux ioniques et la plasticité synaptique (Zheng et al., 2005).  
 
Dans un bouton synaptique, l’activité du neurone diminue la concentration de PIP2 à la 
membrane plasmidique mais l’augmente à l’intérieur du bouton sur les vésicules fraîchement 
endocytés (Micheva et al., 2001). Cette concentration présynaptique de PIP2 est contrôlée par 
l’activité postsynaptique des récepteurs NMDA et action rétrograde d’oxyde nitrique (NO) 
(Micheva et al., 2001, Osborne et al., 2001, Micheva et al., 2003). Un des effets de NO est sa 
capacité à augmenter le relâchement de neurotransmetteurs. La régulation par NO de la 
concentration présynaptique de PIP2 pourrait être requise afin de subvenir aux besoins accrus en 
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PIP2 au cours de l’activité synaptique (Micheva et al., 2001). In vitro, la co-activation de la NO 
synthétase par NCS-1 et CaM induit une activité supérieure à l’activation par CaM seule (Schaad 
et al., 1996). Puisque NCS-1 est aussi exprimé postsynaptiquement (Martone et al., 1999), et 
puisque nous avons montré ici que la surexpression de NCS-1 induisait une plus grande 
efficacité de transmission synaptique, il est tentant de spéculer que Ca2+/NCS-1/PI(4)KIIIβ 
pourrait, par une boucle rétroactive sur la NO-synthétase, moduler la dynamique des vésicules en 
améliorant et augmentant les sites de relâchement de neurotransmetteurs. 
 
Nos observations corrélant une amélioration NCS-1-dépendante de la plasticité synaptique avec 
une augmentation des performances de mémoire rejoint d’autres études décrivant des souris 
génétiquement modifiées dont les performances mnésiques améliorées vont de paire avec les 
niveaux d’expression altérés de molécules impliquées dans une étape de la LTP (Silva et al., 
1992a, Bourtchuladze et al., 1995, Tsien et al., 1996a, Madani et al., 1999, Tang et al., 1999, 
Routtenberg et al., 2000, Malleret et al., 2001). 
 
La relation entre la LTP et la mémoire est sujette à controverse. A l’instar d’autres souris 
génétiquement manipulées (Migaud et al., 1998, Zamanillo et al., 1999, Uetani et al., 2000)., 
nous avons montré que les animaux Tg200, qui ont quantitativement et spatialement une plus 
importante surexpression de NCS-1, affichent une LTP supérieure alors que leurs performances 
d’apprentissage et de mémoire sont très légèrement affaiblies. Nous suggérons donc qu’un 
niveaux d’expression trop élevé de NCS-1 dans d’autres régions cérébrales que l’hippocampe 
pourrait nuire à la capacité d’apprentissage d’une tâche spatiale qui dépend de l’interaction entre 
l’hippocampe et d’autres structures du cerveaux. Les performances un peu plus faible 
d’apprentissage de Tg200 pourraient résulter d’une amélioration d’efficacité des afférences vers 
l’hippocampe depuis d’autres structures corticolimbiques connues pour agir comme inhibitrices 
du traitement d’informations spatiales (Rossi-Arnaud and Ammassari-Teule, 1998, Kim and 
Baxter, 2001). Ainsi, NCS-1 semble indirectement atténuer l’internalisation des récepteurs D2 
(induite par la dopamine) en réduisant la phosphorylation des recepteurs D2 par GRK2 (Kabbani 
et al., 2002). Dans ce modèle la conséquence d’une surexpression de NCS-1 sera une 
hyperactivité de la signalisation par les récepteurs D2. Chez certains patients schizophréniques, 
le niveaux d’expression de NCS-1 et supérieur à la normale (Koh et al., 2003, Bai et al., 2004) 
suggérant que NCS-1 pourrait jouer un rôle dans les anomalies du système dopaminergique 
prédites par l’hypothèse dopamine de la schizophrénie (Seeman, 1987, Bergson et al., 2003). 
Pour la plupart des structures cérébrales des rongeurs où les récepteurs D2 sont présents (Missale 
et al., 1998), nous n’avons pas observé d’expression du transgène thy1::cNCS-1 chez Tg26. Il 
n’est donc pas surprenant qu’aucun comportement stéréotypé, d’hyperactivité locomotrice ou de 
phénotype émotionnel n’aie pu être mis en évidence chez Tg26 (ce qui aurait indiqué une 
anomalie dans le système dopaminergique (Crawley, 2000)). Cependant, il est important de noter 
que chez les souris Tg200, cNCS-1 est aussi présent dans l’amygdale, une structure impliquée 
dans les processus émotionnels d’apprentissage (McGaugh et al., 1996) et ou les récepteurs D2 
sont aussi exprimés (Missale et al., 1998). Ainsi, le fait que les souris Tg200 retiennent 
légèrement moins des indices spatiaux pourrait être indicateur d’une hyperactivité de la 
signalisation dopaminergique, reminiscent de certains symptômes schizophréniques (Seeman, 





Dans la présente étude, nous avons pu montré que la surexpression de NCS-1 dans l’hippocampe 
de souris pouvait améliorer le relâchement de neurotransmetteurs et la plasticité synaptique de 
manière quasi proportionnelle au niveau d’expression de NCS-1. De plus, par une action 
  109
probablement présynaptique, la surexpression de NCS-1 facilite les processus associatifs 
d’apprentissage et de mémoire chez les vertébrés. La très grande conservations de la structure 
primaire de NCS-1 au cours de l’évolution suggère une importante contrainte fonctionnelle sur 
un mécanisme dépendant Ca2+/NCS-1 de signalisation commun. En effet, chez C.elegans, 
l’apprentissage associatif nécessite ce mécanisme de signalisation par Ca2+/NCS-1 dans un 
neurone unique (Gomez et al., 2001). Chez la souris, la modulation de l’activité synaptique est 
régulée présynaptiquement par NCS-1 dans un réseau neural complexe de l’hippocampe. De 
nombreuses hypothèses attribuant un rôle moléculaire à NCS-1 ont été formulées. NCS-1 semble 
se comporter comme un senseur de Ca2+ à haute affinité ayant de multiples fonctions. Cette 
multiplicité fonctionnelle n’est pas sans rappeler celle de la calmoduline, néanmoins NCS-1 est 
unique par son affinité beaucoup plus élevées pour le Ca2+ et par sa distribution spécifique, 
restreinte au système nerveux. Les événements fonctionnels et mécanistiques réels se déroulant 
autour de NCS-1 in vivo lorsqu’une synapse ou un réseau neural affichent une activité 
synaptique potentialisée reste à déterminer. Des études futures pourraient inclure: 
 
 Déterminer électrophysiologiquement que NCS-1 module l’activité synaptique d’autres 
réseaux que CA1-CA3 et dans d’autres régions du cerveau de la souris Tg200. De même, il 
serait intéressant de déterminer le rôle de NCS-1 dans la dépression synaptique et la LTD. 
 
 La délétion du gène de NCS-1 chez la souris devrait nous permettre de confirmer la relation 
qu’il y a entre le niveau d’expression de NCS-1 et la plasticité synaptique et la cognition. Il 
est tentant d’espérer des résultats semblable mais opposé à ceux observé avec Tg26 et Tg200: 
efficacité synaptique et mémoire affaiblis. 
 
 Remplacer chez la souris le gène sauvage de NCS-1 par une copie codant pour NCS-1 qui ne 
lie pas le Ca2+ ou pour un mutant dominant négatif. Ceci pourrait nous permettre de disséquer 
les cascades de signalisation au Ca2+ dans lesquelles NCS-1 est spécifiquement impliqué 
 
 Puisque l’élévation de l’expression de NCS-1 induit une augmentation de la LTP et la LTP 
induit la formation de nouvelles synapses (Toni et al., 1999), des études au microscope 
électronique des régions CA3-CA1 des souris Tg26 et Tg200 nous permettraient de mettre en 
évidence des changements morphologiques de ces synapses. 
 
 L’identification des cibles moléculaires potentielles de NCS-1 (Ca2+-dépendante où pas) 
pourrait se faire par la technique du double hybride, par immunoprécipitation à large échelles 
où en employant la technologie des "protéines microarray" (Chan et al., 2004). L’imagerie 
Cellomics® nous permettrait d’observer la localisation subcellulaire de NCS-1 et de ces 
cibles potentielles selon l’activité de la cellule. 
 
 Des outils pharmacologiques sont désormais aussi disponibles. La Chlorpromazine semble 
lier les EF-hands de NCS-1 de manière Ca2+-dépendante (Muralidhar et al., 2004) et plus 
indirectement, la Wortmannin inhibe PI(4)KIIIβ. 
 
 D’autres souris transgéniques surexprimant NCS-1 (le type sauvage un des mutant 
susmentionnés) dans des régions spécifiques du cerveaux pourraient être produites au moyen 
de promoteurs tissu-spécifiques en combinaison avec la technique Cre/lox (Tsien et al., 
1996a, Mansuy et al., 1998) pour étudier le rôle spatio-temporel de NCS-1. Par exemple, 
même si la surexpression de NCS-1 dans l’hippocampe n’affecte pas les réponses 
émotionnelles, la surexpression de NCS-1 dans des régions ou D2 est aussi présent (p. ex. 




 Il serait intéressant de trouver des mutations ponctuelles (SNP) dans le gène de NCS-1 chez 
des patients schizophréniques puisque le niveau d’expression de NCS-1 semble 
anormalement élevé chez certains de ces derniers (Koh et al., 2003, Bai et al., 2004). 
 
Finalement, comme NCS-1 est extrêmement bien conservé dans l’évolution et que la 
surexpression de NCS-1 améliore la plasticité synaptique et facilite l’apprentissage et la mémoire 
chez C.elegans et la souris, nous proposons que s’il existe un moyen sûr et efficace de 
transmission génique, la surexpression spécifique et ciblée de NCS-1 dans l’hippocampe humain 
pourrait améliorer performances mnésiques réduites des maladies psychiatriques ou 
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